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ABSTRACT 

Supercritical  water  oxidation  represents  an  innovative  technology  for  complete  and 
efficient  destruction  of  hazardous  wastes,  without  forming  of  harmful  by-products. 
Organic  compounds  and  oxygen  are  completely  soluble  in  supercritical  water  at 
temperatures  above  374  "C  and  pressures  above  221  bar,  providing  a  single-phase 
medium  for  rapid  oxidation  of  organic  to  CO2,  H2O,  and  N2.  The  scale-up  and  reliable 
operation  of  commercial-sized  process  equipment  require  a  thorough  understanding  of 
oxidation  Idnedcs,  reaction  pathways,  and  mechanisms. 

Glucose  (C«H]20^  hydrolysis  and  oxidation  were  done  in  collaboration  with 
Richard  H.  Holgate.  Experiments  were  done  in  an  isothermal,  isobaric,  tubular  plug- 
flow  reactor  apparatus.  Both  hydrolysis  and  oxidation  occurred  rapidly  in  supercritical 
water  at  246  to.  A  diverse  set  of  products,  present  in  the  liquid  effluent  and  also 
subject  to  hydrolysis,  was  formed.  At  600  **€  and  a  6-second  reactor  residence  time, 
glucose  is  completely  gasified,  even  in  the  Essence  of  oxygen.  In  the  presence  of 
oxygen,  destruction  of  liquid-phase  products  is  enhanced,  with  none  found  above  550  "C 
at  a  6-second  reactor  residence  time.  Major  products  formed  were  acetic  acid, 
acetonylacetone,  propenoic  acid,  acetaldehyde,  carbon  monoxide,  methane,  ethane, 
ethylene,  and  hydrogen.  Methane  and  hydrogen  were  present  at  temperatures  up  to 
600  "C  for  reactor  residence  times  of  6  seconds. 

Acetic  Acid  (CH3COOH)  hydrolysis  and  oxidation  in  supercritical  water  was 
examined  from  425  -  600  **€  and  246  to  at  reactor  residence  times  spanning  4.4  to  9.8 
seconds.  Over  the  range  of  conditions  studied,  acetic  acid  oxidation  was  globally 
0.72±0.15  order  in  acetic  acid  and  0.27±0.15  order  in  oxygen,  with  an  activation 
energy  of  168±21  kJ/mol  and  an  induction  time  of  about  1.5  seconds  at  525  "C. 
Pressure  (water  density)  effect  studies  in  the  range  160  -  263  to  and  550  indicated 
that  pressure  did  not  affect  the  rate  of  acetic  acid  oxidation  as  as  much  as  previously 
observed  with  hydrogen  or  carbon  monoxide.  Major  products  of  acetic  acid  oxidation 
in  supercritical  water  are  carbon  dioxide,  carbon  monoxide,  methane,  hydrogen,  and 
propenoic  acid.  Other  minor  products  were  observed,  but  not  identified.  In  the  absence 
of  oxygen,  approximately  35%  conversion  of  acetic  acid  was  obtained  at  600  °C,  246 
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bar,  and  8-second  reactor  residence  time. 

Methyloie  Chloride  (CH2CI2)  hydrolysis  and  oxidation  in  supercritical  water  was 
examined  from  4S0  -  STS  °C  and  246  bar  at  reactor  residence  times  spanning  4.4  to  10.8 
seconds.  Regression  of  experimental  data  at  SOO  **C  and  S2S  **€  gave  a  glc  jal  oxidation 
rate  first  order  in  methylene  chloride  and  independent  of  oxygen,  with  an  activation 
energy  of  142  ±32  kl/mol  and  possible  induction  time  of  about  1  secoiti.  Major  gaseous 
products  were  carbon  monoxide,  carbon  dioxide,  and  hydrogen,  with  no  chlorinated 
gases  ttetected.  Liquid  products  included  cir- 1,2  dichloroethylene,  trans-\,2 
dichloroethylene,  formic  acid,  oxalic  acid,  and  propenal  (acrolein),  along  with  other 
unidentified  products.  Hydrolysis  accounted  for  a  significant  portion  of  methylene 
chloride  destruction  and  gave  some  results  that  need  further  verification. 
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Chapter  1 
Summary 


1.1  Introduction 

Supercritical  water  oxidation  (SCWO)  is  a  resourceful  method  that  can  be  used  to  destroy 
harmful  wastes  without  producing  unsafe  byproducts.  Supercritical  water  (SCW),  above 
374 and  221  bar,  exhibits  properties  distinctly  different  than  water  at  subcritical 
conditions.  Specifically,  its  solvation  characteristics  change  drastically.  Significant 
decreases  in  water’s  dielectric  constant,  ionic  dissociation  constant,  and  hydrogen 
bonding  at  and  above  the  critical  point  results  in  supercritical  water  acting  as  a  single 
phase,  non-polar,  dense  gas  that  has  solvation  properties  similar  to  low  polarity  organics. 
Hence,  hydrocarbons  and  gases  (e.g.,  O2,  Nj,  COj,  etc.)  are  highly  soluble  while  ionic 
species,  namely  inorganic  salts,  are  practically  insoluble  in  supercritical  water.  With  no 
interphase  mass  transport  limitations  and  sufficiently  high  temperatures,  the  kinetics  of 
organic  oxidation  in  SCW  are  fast  and  complete.  Hydrocarbon  oxidation  products 
consist  of  CO2  and  H^O,  while  heteroatoms  (F,  G,  S,  P)  are  usually 

converted  to  mineral  acids,  or  insoluble  salts  in  the  presence  of  neutralizing  caustic. 
Despite  high  enough  temperatures  for  rapid  kinetics,  supercritical  temperatures  are  low 
enough  to  preclude  formation  of  NO,  or  SO2  (Killilea  et  al.,  1991). 

Two  types  of  SCWO  processes  exist.  The  above-ground  method  (MODAR 
process,  Modell  patent)  uses  high  pressure  pumps  or  compressors  to  achieve  the  desired 
pressures,  while  an  underground  method  (Oxidyne  process,  Oxidyne  patent)  uses  the 
natural  hydraulic  head  of  the  fluid  in  a  deep  well  to  provide  a  significant  source  of 
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pressurization.  In  both,  the  organic  is  in  the  form  of  aqueous  waste,  while  the  oxidant 
could  be  (Stained  from  a  number  of  sources  (e.g.,  air,  oxygen,  or  hydrogen  peroxide). 

The  above  ground  process  can  be  generalized  into  seven  major  steps:  feed 
prqKuation  and  pressurization;  preheating;  reaction;  salt  formation  and  separation; 
quenching,  cooling  and  heat  recovery;  pressure  letdown;  effluent  water  polishing  (Tester 
etal.,  1993) 

An  understanding  of  model  compound  reaction  kinetics  and  mechanisms  is 
essential  in  optimizing  the  SCWO  process  design.  An  isothermal,  isobaric,  plug-flow 
reactor  has  been  constructed  and  used  since  1983  to  obtain  global  rate  expressions  from 
the  correlated  data  (Helling  and  Tester,  1987,  1988;  Webley  et  aJ.,  1991;  Webley  and 
Tester,  1991;  Holgate,  1993).  A  diagram  of  the  reactor  apparatus  is  shown  in  Figure 
1.1.  Organic  solutions  (typically  <1%  by  weight)  and  oxygen  saturated  water  arc 
pumped  through  the  preheater  system  such  that  they  attain  the  desired  reaction  conditions 
just  prior  to  mixing.  Upon  mixinj  in  the  inlet  of  the  coiled  reactor,  oxidation  begins. 
Reactions  occur  under  well-defined  conditions  of  temperature,  pressure,  feed 
concentration,  and  residence  time.  Liquid-phase  and  gas-phase  product  flow  rates  are 
monitored  and  liquid  and  gaseous  products  are  analyzed  by  gas  chromatography,  high 
performance  liquid  chromatography  (with  detection  by  UV  absorption),  and  ion-electrode 
analysis. 

1.2  Objectives 

The  objective  of  this  investigation  was  to  gather  and  analyze  kinetic  data  on  the  oxidation 
of  simple  (model)  compounds  in  supercritical  water  under  well-defined  experimental 
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Figure  1.1  Lwthennaly  Flug>Flow  Reactor  Apparatus. 
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conditions.  Specific  objectives  in  augmenting  the  knowledge  of  supercritical  water 
oxidatitm  kinetics  were  as  follows: 

1.  Investigate  glucose  oxidation  in  supercritical  water. 

2.  Obtain  Idnedc  data  for  acetic  acid  oxidation  in  supercritical  water. 

3.  Obtain  kinetic  data  for  methylene  chloride  oxidation  in  supercritical  water. 

4.  Identify  the  effects  of  pressure  (density)  on  oxidation  kinetics. 

1.3  Glucose  Hydrolysis  and  Oxidation  in  Supercritical  Water 

The  hydrolysis  and  oxidation  of  glucose  in  supercritical  water  was  undertaken 
collaboratively  with  Holgate  (1993).  Glucose,  as  a  model  compound  of  more  complex 
cellulosic  wastes,  was  fed  to  the  reactor  at  an  inlet  concentration  of  1  x  10^  mol/cm^ 
at  reactor  conditions  of  246,  6  seconds  residence  time,  and  over  a  temperature  range  of 
425  -  600  ®C.  Hydrolysis  was  performed  by  allowing  pure  water  to  flow  through  the 
oxygen  side  pump.  To  begin  oxidation,  the  oxygen-side  feed  was  switched  to  water  with 
a  stoichiometric  feed  concentration  of  6x10^  mol/cm^  of  oxygen.  This  allowed  for 
direct  comparison  between  hydrolysis  and  oxidation.  Even  in  the  absence  of  oxygen  and 
at  the  lowest  temperature  investigated,  glucose  conversion  was  over  90%.  This  made 
kinetic  measurements  unattainable. 

Significant  amounts  of  gaseous  product  were  produced  in  both  hydrolysis  and 
oxidation.  For  oxidation  at  500  and  above,  100%  of  the  glucose  carbon  was  in  the 
form  of  a  gaseous  product.  These  products  included  CO,  CO2,  CH4,  H2,  and  smaller 
amounts  of  C2H4  and  C2H5.  A  temperature  of  600  °C  was  necessary  to  produce  100% 
gasification  in  the  absence  of  oxygen  (hydrolysis).  Hydrolysis  produced  the  same 
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aforementioned  gases,  hut  yielded  almost  entirely  hydrogen  and  carbon  dioxide.  This 
is  indicative  of  a  fast,  water-gas  shift. 

Hydrolysis  also  gave  copious  liquid  products.  Extensive  testing  via  high 
performance  liquid  chromatography  resulted  in  identification  of  some  of  the  liquid 
products  of  hydrolysis.  Liquid  products  identified  included  aoedc  acid,  acetonylacetone, 
prqaenoic  acid,  and  acetaldehyde.  These  products,  along  with  carbon  monoxide, 
methane,  ethane,  ethylene,  and  hydrogen,  showed  little  change  in  product  yield  over  a 
residence  time  variation  of  5  to  10  seconds,  indicating  that  they  are  the  major,  persistent 
intermediate  products  of  glucose  hydrolysis  and  oxidation. 

1.4  Acetic  Add  Hydroljsis  and  Oxidation  in  Supercritical  Water 
Acetic  acid  has  been  identified  as  a  refractory  intermediate  in  the  oxidation  of  more 
complex  organics  (Ploos  van  Amstel  and  Rietema,  1970;  Skaates  et  al.,  1981; 
Tongdhamachart,  1990;  Shanableh,  1991;  Hoigate,  1993)  at  and  near  supercritical 
conditions.  Because  of  its  relative  stability,  acetic  acid  may  be  the  destruction-limiting 
spedes  in  the  path  to  total  oxidation  of  an  organic.  Acetic  add’s  refractory  nature  has 
led  many  investigators  to  study  its  destruction  via  supercritical  water  oxidation 
(Wightman,  1981;  Lee  et  al.,  1990;  Wilmanns  and  Gloyna,  1990;  Frisch,  1992),  but 
most  research  has  focused  on  measurements  cf  destruction  effidency  rather  than  product 
identification  and  reaction  kinetics.  In  an  effort  to  substantiate  and  improve  on  previous 
studies,  characterization  of  the  supercritical  water  oxidation  of  acetic  acid  was 
undertaken. 

Ten  hydrolysis  and  forty-five  oxidation  experiments  were  conducted  in 
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supercritical  water.  Reactor  temperatures  spanned  425  •  600  °C,  and  residence  times 
varied  from  4.4  to  9.8  seconds.  These  experiments  were  conducted  at  246  bar  of 
pressure  and  the  runs  included  both  fuel-rich  and  fud  lean  conditions.  Multivariable, 
nonlinear  r^ression  of  the  oxidation  data  yielded  the  following  rate  expression: 

^,cooi.  •  W”*’" 

This  expr^ion  wls  in  close  agreement  with  Frisch  (1992),  but  refined  his  assumption 
of  zero-order  oxygen  dependence,  and  corroborated  a  similarly  fractional  order  oxygen 
dependence  seen  by  Lee  (1990),  who  used  hydrogen  peroxide  as  the  oxidant.  As 
observed  by  Holgate  (1993)  with  hydrogen  and  carbon  monoxide  oxidation  in 
supercritical  water,  acetic  acid  oxidation  possessed  a  distinct  induction  time,  which  is  a 
strong  indication  of  a  free  radical  mechanism.  This  is  portrayed  in  Figure  1.2. 

Despite  its  reputation  as  refractoi7  compound,  a  considerable  (35%)  amount  of 
acetic  acid  was  destroyed  at  temperature  of  600  ”C,  pressure  of  246  bar,  and  8  seconds 
reactor  residence  dme. 

Two  sets  of  experiments  were  conducted  to  determine  the  effect  of  pressure 
(water  density)  on  acetic  acid  oxidation.  Results  indicate  that  acetic  acid  oxidation 
kinetics  are  less  influenced  by  pressure  than  other  previously  studied  compounds. 

Product  identification  was  such  that  almost  all  oxidation  runs  had  a  carbon  balance 
closure  >90%.  Identification  of  hydrolysis  liquid  products,  like  glucose  were  less 
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1.5  Methylene  Chloride  Hydrolysis  and  Oxidation  in  Supercritical  Water 
As  a  significant  class  of  ha2ardous  wastes,  chlorinated  hydrocarbons  are  excellent 
candidates  for  destruction  via  SCWO.  In  particular,  methylene  chloride 
(dichloromethane,  methylene  dichloride)  is  one  of  the  more  elementary  chlormated 
or^mics  that  is  also  a  real-world  contaminant.  Its  simple  structure  and  chlorinated 
organic  characteristics  make  it  an  excellent  choice  for  study  in  a  supercritical  water 
oivironment. 

Investigation  of  CH2G2  kinetics  in  supercritical  water  marked  the  first  time  a 
chlorinated  compound  had  been  studied  in  our  reactor  apparatus.  It  also  was  the  first 
time  we  observed  physical  evidence  of  corrosion. 

Thirty-four  oxidation  runs  were  conducted  at  a  constant  pressure  of  246  bar. 
Temperatures  ranged  from  450  -  575  °C,  although  23  of  the  oxidation  experiments  were 
carried  out  at  525  **€  and  seven  at  500  T  to  study  concentration  and  density  effects. 
Reactor  residence  times  spanned  4.4  to  10.8  seconds.  Initial  concentrations  of  methykne 
chloride  in  the  reactor  were  from  2.01x10^  mol/cm^  down  to  7.22x10'^  moI/Cm^, 
while  inlet  oxygen  concentrations  varied  between  2.02  x  10^  (hydrolysis)  and  2.08  x  10^ 
mol/cm^.  These  concentrations  resulted  in  inlet  molar  oxygen-to-methylene  chloride 
ratios  from  0.019  (hydrolysis)  to  2.21  (oxygen-rich),  where  the  stoichiometric  oxidation 
ratio  is  1.00.  Conversions  ranged  from  38.3  ±  8.8%  to  complete  (100%)  methylene 
chloride  destruction  (within  analytical  detection  limits). 

The  global  rate  expression  obtained  for  the  oxidation  of  methylene  chloride  in 
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supercritical  water  was: 

[CH.cy 

Hydrolysis  played  a  major  role  in  CH2CI2  destruction.  In  the  absence  of  oxygen, 
CH2^  conversion  was  approximately  45  %  at  even  the  lowest  temperature  (450  °C),  and 
rose  to  80%  at  600  "C  and  6  seconds  reactor  residence  time.  Conversion  under  oxidizing 
conditions  were  little  better  than  hydrolysis  conversion  in  the  temperature  range  450  - 
525  "C,  indicating  oxygen  may  preferential  react  with  CH2CI2  hydrolysis  products  rather 
than  CH2Cn2  itself.  Suspiciously,  the  methylene  chloride  conversion  remained  near  50% 
over  nearly  a  1(X)  temperature  range.  Gaseous  and  liquid  hydrolysis  chromatograms 
are  shown  in  Figure  1.3,  and  indicate  that  despite  being  a  medium  for  destruction  of 
wastes,  constructive  chemistry  is  also  possible  in  supercritical  water. 

Figure  1.4  illustrates  that  extrapolation  of  data  to  time  t  ^  0  suggests  ignition 
delay.  Reactor  liquid  effluent  was  highly  acidic  (pH  of  1.0  >  2.0),  with  chloride  ion 
concentrations  doubling  over  the  residence  time  range  of  4.5  to  10  seconds. 

No  chlorinated  products  were  detected  in  the  gas-phase  effluent  and  carbon 
monoxide  selectivity  was  high,  even  in  the  presence  of  excess  oxygen  feed. 

Although  our  method  of  detecting  chlorinated  products  gave  rq>roducible  results, 
not  all  liquid  products  were  identified,  and  carbon  and  chlorine  material  balance  closures 
were  generally  poor  (50  -70%). 

Coloring  of  liquid  effluent  occurred  any  time  pure  water  was  fed  to  the  reactor, 
following  oxidation  experiments.  This  effluent  was  the  color  of  "creamed  coffee"  and 
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Figure  1.3  Gas  and  Liquid  Chromatograms  for  CH2CI2  Hydrolysis  at  575  ®C, 
246  bar,  and  Residence  Time  of  6  Seconds.  [CH2Cl2]o= 
1 X 10^  mol/cm^,  [OJo* i  ^  10^  mol/cm^. 


Hydrolysis  Liquid  Chromatogram 
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Figure  1.4  Normalized  Decay  Profiles  for  Stoichiometric  Oxidation  of  Methylene 
Chloride  in  Supercritical  Water  at  525  "C  and  246  bar,  Showing 
Induction  Times.  Conditions  as  in  Figure  7.6,  but  concentration  ordinate 
is  on  alogarithmic  scale.  Lines  are  linear  fits  to  data,  indicating  exponential 
decay. 
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precipitate  settled  out  of  suspension.  No  discemable  color  change  was  evident  in  the 
liquid  effluent  during  oxidation  experiments.  When  initial  methylene  chloride 
OHicentration  was  doubled  to  2x  10^  mol/cm^,  the  liquid  effluent  did  acquire  a  distinct, 
but  pale  yellow  taint.  Analysis  of  the  precipitate  identified  nickel,  iron,  and  chromium 
amcmg  the  components. 

1.6  Conclusions 

/.  Glucose  hydrolysis  and  oxidation.  Glucose  is  quickly  destroyed  under  hydrolysis  and 
oxidative  conditions  in  supercritical  water.  Both  reactions  produce  significant 
gasification,  although  oxygen  accelerates  destruction  of  the  intermediate  products. 
Reaction  kinetics  were  too  fast  under  our  operating  conditions  in  our  reactor  apparatus 
to  obtain  a  global  rate  expression.  Major  intermediate  products  in  the  liquid-phase  of 
glucose  hydrolysis  and  oxidation  are  acetic  acid,  acetonylacetone,  propenoic  acid,  and 
acetaldehyde.  Gas-phase  intermediate  products  are  carbon  monoxide,  methane,  ethane, 
ethylene,  and  hydrogen. 

2.  Measurement  of  oxidation  kinetics.  The  oxidation  kinetics  of  acetic  acid  were 
examined  at  246  bar  and  425  -  600  and  over  an  extended  range  of  fuel  equivalence 
ratios.  Over  the  range  studied,  the  reaction  is  nearly  first-order  (0.72  ±0.15)  in  acetic 
acid  and  fractionally  (0.27 ±0.15)  dependent  on  oxygen,  with  an  activation  energy  of 
168±21  kJ/mol.  Methylene  chloride  oxidation  is  first-order  in  CH2CI2  with  an  activation 
energy  of  142±32  kJ/mole.  Methylene  chloride  hydrolysis  plays  a  significant  role  in  the 
destruction  of  CH2CI2  in  supercritical  water. 

3.  Identification  of  induction  times.  As  found  in  previous  studies  of  model  compound 
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oxidation  in  supercritical  water  (Holgate,  1993),  acetic  acid  and  methylene  chloride 
exhibit  a  delayed  reaction  ignition,  or  induction  time.  This  is  indicative  of  free-radical 
mechanisms  and  complicates  global  reaction  modeling. 

4.  J^ects  of  operating  pressure.  Acetic  acid  oxidation  is  less  pressure  (water  density) 
dqtendent  than  carbon  monoxide  or  hydrogen  (Holgate,  1993). 

5.  Corrosion.  Methylene  chloride  oxidation  and  hydrolysis  in  supercritical  water  can 
cause  visible  signs  of  corrosion. 

1.7  Recommendations 

1.  Changes  to  the  current  apparatus  system,  or  construction  of  a  new  system  are 
necessary  to  widen  the  operating  conditions  (namely,  concentrations  and  residence  time). 
Larger  diameter  reactors  would  decrease  surface  effects  observed  by  Holgate  (1993). 
Use  of  higher  capacity  feed  pumps  would  also  require  more  heating  capacity  than 
currently  available  with  the  present  fluidized  sand  bath,  and  more  cooling  capacity  than 
the  current  shell-and-tube  countercurrent  heat  exchanger. 

2.  Dedication  of  an  analytical  lab  facility  or  analytical  chemist  is  needed.  Although 
SCWO  of  compounds  rapidly  destroys  many  compounds,  identification  of  refractory 
products  and  intermediates  is  needed  to  fully  characterize  reaction  mechanisms.  Positive 
identification  of  intermediates  and  products  will  require  more  sophisticated  analytical 
techniques,  such  as  liquid  chromatography  with  mass  spectrometry. 

3.  A  packed  reactor  currently  available  in  our  lab  should  be  used  to  investigate  what 
effects  reactor  inner  walls  may  have  played  in  determining  oxidation  kinetics  of  acetic 
acid  and  methylene  chloride. 
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4.  More  studies  are  needed  to  verify  pressure  ejects  of  acetic  acid  oxidation  in 
supercritical  water.  Pressure  e^ect  experimoits  are  also  needed  to  determine  methylene 
diloride  reaction  response  to  changes  in  water  density  (concentration). 

5.  Lower  operating  pressures  and/or  temperatures  are  needed  to  quantify  the  global 
oxidation  kinetics  for  glucose.  Experiments  in  the  subcritical  regime  (wet-air  oxidaticn) 
may  be  sufficient  to  destroy  glucose  and,  hence,  ceJlulosic  wastes. 

6.  Verification  of  the  importance  of  hydrolysis  in  conversion  of  CH2G2  needed, 
particularly  over  varying  temperatures  in  the  45O-5S0  ®C  temperature  regime.  Residence 
time  studies  at  lower  (—450  "C)  temperatures  and/or  pressures  may  be  needed  to 
characterize  oxidation  and  hydrolysis  over  the  full  range  of  conversion.  Recalculation 
of  carbon  and  chlorine  balances  upon  identification  of  the  liquid  chromatography  peak 
with  86.7  minute  elution  time  should  be  done  to  determine  if  product  effluent  has  been 
well  characterized. 

7.  With  a  general  understanding  of  global  reaction  rates  and  products  for  a  growing  list 
of  model  compounds,  co-oxidation  should  be  studied  to  investigate  what  kinetic  effects 
Of  any)  compounds  have  on  each  other.  This  is  more  representative  of  the  SCWO 
process,  where  mixtures  rather  than  pure  components  of  hazardous  wastes  are  more 
likely  to  be  processed. 

8.  The  database  of  kinetic  studies  and  products  of  model  compound  oxidation  in 
supercritical  water  should  be  continued.  Identified  persistent  intermediates  should  be 
added  to  a  priority  list  of  compounds  to  investigate.  Investigation  of  additional  model 
compounds  containing  nitrogen,  sulfur,  and  phosphorus  heteroatoms  still  represent  an 
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important  class  of  wastes  that  have  not  been  adequately  studied. 

9.  The  s^licability  of  using  other  compounds  as  a  hydroxyl  radical  sources  should  be 
explored.  Specifically,  hydrogen  peroxide  has  already  been  used  and  shows  some 
enhancement  of  the  oxidation  process.  Undei  standing  of  fundamental  oxidation 
mechanisms  could  be  improved  through  a  careful  study  of  this  enhancement. 


Chapter  2 
Introdaction  and  Background 


In  the  absence  of  comprehensive  pollution  prevention  technologies  and  the  ability  to 
completely  recycle  process  by-products,  destruction  of  hazardous  wastes  is  a  necessity. 
Growing  interests  in  effective  and  economically  feasible  methods  to  destroy  toxic  wastes 
has  motivated  numerous  universities  and  companies  to  investigate  the  oxidation  of  such 
wastes  in  supercritical  water  following  the  invention  of  the  concq)t  at  the  Massachusetts 
Ia«;titute  of  Technology  in  the  mid-1970’s  (Amin  et  aJ.,  1975).  Supercritical  water 
oxidation  (SCWO)  exhibits  improvement  over  incineration  and  other  tradidonal  thermal 
destruction  technologies  by  providing  rapid  and  complete  oxidation  in  a  contained  system 
without  forming  toxic  byproducts  (Swallow  et  al ,  1989;  Modell,  1989;  Thomason  et  al. , 
1990).  The  s^lication  of  SCWO  technology  to  other  waste  treatment  problems  has  also 
been  investigated.  These  include  processing  human  metabolic  waste  for  use  on  long-term 
space  missions  (Timberlake  et  al.,  1982;  Hong  et  al. ,  1987, 1988);  processing  pulp  mill 
sludges  (Modell,  et  al. ,  1992);  and  as  an  alternative  to  incineration  in  the  destruction  of 
military  toxic  wastes,  including  chemical  agents,  explosives,  and  propellants  (Buelow  et 
al.,  1990,  1992;  Blank,  1992).  A  complete  review  of  SCWO  process  technology  and 
fundamental  research  by  Tester  et  al.  (1993)  is  contained  in  a  recent  American  Chemical 
Society  monograph  . 

2.1  Properties  of  Supercritical  Water 

Water  in  a  supercritical  condition  behaves  quite  differently  than  at  standard  conditions. 
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in  particular,  its  solvation  characteristics  change  drastically.  At  the  critical  point 
(374  *’C,  22. 1  MPa)  water  has  a  density  of  approximately  0.39  g/cm^,  which  is  between 
diet  of  ambient  liquid  water  (1  g/cm^)  and  low-pressure  steam  (<  0.001  g/cvr?).  In  the 
SCWO  process,  at  pressures  of  230  -  250  bar  and  temperatures  between  4(X)  and  600  **C, 
the  density  ranges  from  0. 13  to  0.07  g/cn?.  Water’s  static  dielectric  constant  at  26  MPa 
decreases  from  a  value  of  80  at  room  temperature  to  approximately  S  or  10  near  the 
critical  point,  and  finally  to  about  2  or  lower  at  temperatures  above  450  "C  (Tester,  et 
al.f  1993).  As  seen  in  Figure  2.1,  at  25  MPa  the  ionic  dissociation  constant 
(K^  “  [H^]  [OH*])  falls  from  an  ambient  value  of  lO"*^  to  10^**  near  the  critical  point, 
and  to  10*^  above  the  supercritical  region.  Investigation  reveals  only  a  small  amount 
of  hydrogen  bonding  in  the  supercridcal  region.  The  overall  result  of  these  properties 
is  that  supercritical  water  acts  as  a  non-polar  dense  gas  that  has  solvation  properties 
similar  to  low  polarity  organics.  Hence,  hydrocarbons  and  gases  (e.g.,  O2,  N2,  COj, 
etc.)  are  highly  soluble  and  usually  completely  miscible  under  typical  SCWO  operating 
conditions. 

As  would  be  predicted  by  a  low  dielectric  constant  and  low  ionic  dissociation 
constant,  ionic  species,  namely  inorganic  salts,  are  practically  insoluble  in  supercritical 
water.  Additionally,  SCW  has  a  high  diffusivity  (Todheide,  1972;  Lamb  et  al.,  1981) 
and  low  viscosity  (Todheide,  1972;  Dudziak  and  Franck,  1966). 

With  no  interphase  mass  transport  limitations  and  sufficiently  high  temperatures, 
the  kinetics  of  organic  oxidation  in  SCW  are  fast  and  complete.  Hydrocarbon  oxidation 
products  consist  of  CO2  and  H2O,  while  heteroatoms  (F,  Cl,  S,  P)  are 
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usually  converted  to  mineral  acids,  or  insoluble  salts  in  the  presence  of  neutralizing 
caustic.  Despite  high  enough  temperatures  for  rapid  Idnedcs,  supercritical  temperatures 
are  low  enough  to  preclude  formation  of  NC^  or  SO2  (Killilea  et  al.,  1991). 

2.2  SCWO  Process  Description 

A  genoal  description  of  the  SCWO  process  is  provided  by  Tester  et  al.  (1993)  and  is 
paraphrased  here. 

Two  types  of  SCWO  processes  exist.  The  above-ground  method  (MODAR 
process,  Modell  patent)  uses  high  pressure  pumps  or  compressors  to  achieve  the  desired 
pressures,  while  an  underground  method  (Oxidyne  process,  Oxidyne  patent)  uses  the 
natural  hydraulic  head  of  the  fluid  in  a  deep  well  to  provide  a  significant  source  of 
pressurization.  In  both,  the  organic  is  in  the  form  of  aqueous  waste,  while  the  oxidant 
could  be  obtained  from  a  number  of  sources  (air,  oxygen,  or  hydrogen  peroxide). 

The  MODAR  process  is  depicted  in  Figure  2.2  and  can  be  generalized  into  seven 
major  steps. 

Feed  preparation  and  pressurization  consists  of  compressing  the  aqueous  liquid 
waste  and  oxidant  to  reactor  pressure.  Due  to  process  design  considerations,  the 
aqueous  liquid  waste  has  an  upper  heating  value  limit  (4200  kJ/kg)  that  can  be  controlled 
by  adding  water  to  a  high  heating-value  waste.  When  the  aqueous  waste  has  too  low  a 
heating  value,  higher  heating-value  wastes  or  fuels  can  be  added  to  make  the  lower¬ 
valued  waste  economical  for  destruction.  When  the  organic  feed  contains  heteroatoms 
(e.g..  Cl,  F,  P,  or  S),  caustic  is  injected  to  neutralize  the  acids  formed.  Therefore,  salts 
of  these  acids  are  a  by-product.  The  oxidant  can  be  in  the  form  of  compressed  air. 
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gaseous  or  liquid  oxygen,  or  hydrogen  peroxide.  These  are  pressurized  to  reactor 
conditions  prior  to  being  fed  to  the  reactor. 

Preheating  of  the  oxidant  and  organic  can  be  accomplished  by  heat  exchange  with 
die  hot  reactor  effluent.  Preheating  helps  in  rapid  initiation  of  the  oxidation  reaction  and 
optimizes  plant  efdciency  through  heat  integration. 

The  reaction  itself  is  initiated  by  the  mixing  of  the  pressurized,  preheated  organic 
and  oxidant.  This  exothermic  reaction  heats  the  reactor  temperature  to  about  SSO  * 
600  °C,  further  accelerating  the  reaction  and  reducing  the  reactor  residence  time  needed 
for  complete  destruction  of  the  organic.  Highly  toxic  or  refractory  compounds  can  be 
destroyed  to  even  higher  efficiencies  via  a  second  stage  reactor  or  recycle. 

Salt  formation  and  separation  is  a  critical  step  in  the  process.  Salts  are  formed 
from  the  neutralization  of  acids  resulting  from  the  oxidation  of  heteroatoms.  They 
precipitate  rapidly  due  to  their  virtual  insolubility  (» 100  ppm  or  less)  in  supercritical 
water.  These  salts  can  be  separated  by  removing  them  as  solids  as  they  fall  to  the 
bottom  of  the  reactor  or  by  redissolving  the  salts  and  removing  a  liquid  brine.  A  small 
fraction  of  salt  is  entrained  in  the  overhead  effluent. 

In  the  quenching,  cooling  and  heat  recovery  j/agf,  gaseous  effluent  exits  the  top 
of  the  reactor.  The  remaining  reactor  effluent  consists  of  supercritical  water,  carbon 
dioxide,  a  small  amount  of  entrained  salt,  and  possibly  some  nitrogen.  This  mixture  is 
first  mixed  with  cold  water  to  redissolve  the  salt  and  then  is  further  cooled  and 
discharged  at  atmospheric  conditions.  Thermal  energy  recovery  from  the  effluent  can 
be  achieved  in  numerous  ways  and  used  for  heating  needs  or  to  produce  electricity. 
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After  pressure  letdown,  the  cooled  effluent  separates  into  liquid  and  gaseous 
phases.  The  gas  phase  is  comprised  primarily  of  carbon  dioxide  and  oxygen  (when 
oxidant  is  used  in  excess  of  the  amount  required  for  complete  oxidation).  If  air  is  used 
as  the  oxidant,  nitrogen  is  also  present.  This  phase  disengagement  is  carried  out  in 
multiple  stages  in  order  to  minimize  corrosion  and  maximize  separation. 

Effluent  water  polishing  may  be  necessary  if  heavy  metals  are  entrained  in  the 
organic  feed.  Ion  exchange  or  selective  adsorption  may  be  needed. 

The  underground  SCWO  process  is  not  discussed  in  detail  here.  For  a  more  in- 
depth  discussion  see  Gloyna  (1989).  One  noteworthy  characteristic  of  the  underground 
process  is  that  the  savings  accrued  from  in  situ  pressurization  in  this  process  are 
unfortunately  offset  by  other  losses,  such  as  heat  loss  to  the  surrounding  rock  formation 
and  startup  energy  requirements. 
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Chapter  3 
Objectives 

The  objective  of  this  investigation  was  to  gather  and  analyze  kinetic  data  on  the  oxidation 
of  simple  (model)  compounds  in  supercritical  water  under  well-defined  experimental 
conditions.  Specific  objectives  in  augmenting  the  knowledge  of  supercritical  water 
oxidation  kinetics  were  as  follows: 

1.  Investigate  glucose  oxidation  in  supercritical  water.  Treating  cellulosic  wastes  and 
sludges  has  many  possible  advantages  over  current  techniques.  Complete  oxidation  of 
COj,  H2O,  and  N2  can  be  performed  along  with  significant  recovery  of  waste  heating 
value,  without  the  need  to  add  auxiliary  fuel  or  remove  water  from  the  sludge  (Hossain 
and  Blaney,  1991;  Model!  ei  ai,  1992;  Takahashi  et  al.,  1989).  Wet  air  oxidation  of 
glucose  has  also  been  investigated  (Ploos  van  Amstel  and  Rietema,  1970;  Brett  and 
Gumham,  1973;  Skaates,  et  al.,  1981),  but  extrapolation  of  these  subcritical  results  to 
the  supercritical  regime  would  be  suspect. 

Glucose  (C5H12O5)  provides  the  important  chemical  structure  characteristic  of 
more  complex  sludges  and  cellulosic  wastes,  and  thus  can  serve  as  a  model  compound 
for  SCWO.  Although  the  aforementioned  studie.s  have  been  conducted  to  determine 
destruction  efficiency  on  these  types  of  wastes,  they  do  not  characterize  oxidation 
kinetics.  Few  glucose  oxidation  studies  identify  product  compounds  or  yields  of 
products.  In  general,  the  oxidation  kinetics  of  glucose  is  not  well  characterized  or 
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understood.  Therefore,  careful  study  of  glucose  oxidation  in  supercritical  water  was 
undertaken  to  provide  better  understanding  of  kinetics  and  reaction  pathways  as  well  as 
to  identify  intermediate  products. 

2.  Obtain  kinetic  data  for  acetic  acid  oxidation  in  supercritical  water.  Acetic  acid 
(CH3COOH)  represents  a  logical  progression  in  molecular  complexity  in  our  group’s 
continuing  study  of  model  compound  oxidation  in  SCW  (Tester  et  al.,  1993).  In 
addition,  acetic  acid  has  been  identified  as  a  refractory  intermediate  in  the  oxidation  of 
more  complex  organics  such  as  glucose  and  cellulose  (Ploos  van  Amstel  and  Rietema, 
1970;  Holgate,  1993).  Other  investigations  into  the  SCWO  of  acetic  acid  (Wightman, 
1981;  Lee  et  al.,  1990;  Wilmanns  and  Gloyna,  1990;  Frisch,  1992)  were  done  with  less 
well-controlled  experimental  conditions  and  thus  were  more  susceptible  to  experimental 
and  systemic  errors.  Accurate  characterization  of  the  oxidation  kinetics  of  acetic  acid 
as  a  simple,  refractory  molecule  is  important  in  SCWO  optimization. 

3.  Obtain  kinetic  data  for  methylene  chloride  oxidation  in  supercritical  water.  An 
important  class  of  waste  whose  oxidation  kinetics  in  SCW  have  not  yet  been  fully 
investigated  are  compounds  containing  heteroatoms,  such  as  chlorine,  nitrogen,  sulfur, 
and  phosphorus.  Selection  of  methylene  chloride  (dichloromethan  ,  CH2CI2)  as  a  simple 
chlorinated  compound  is  a  logical  step  in  the  broadening  of  our  kinetics  database.  It  also 
represents  a  real  world  pollutant  found  in  soils,  sediments,  and  water.  Thus,  its 
individual  oxidation  kinetics  need  to  be  characterized  prior  to  a  study  of  its  destruction 
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via  SCWO  in  heterogeneous  mixtures  such  as  a  soil  slurry  or  in  co-oxidadon  studies. 
Characterization  of  the  kinetics  of  oxidizing  the  C-Cl  bond  of  CH2CI2  should  provide 
important  insight  into  the  behavior  of  other  more  complex  chlorinated  compounds. 

4.  Identify  the  effects  of  pressure  (density)  on  oxidation  kinetics.  Potential 
advantages  of  operating  the  SCWO  process  at  lower,  even  subcritical  pressures,  but  at 
temperatures  above  the  critical  temperature  of  pure  water  (374  “C),  have  been  proposed 
by  Hong  (1992)  (so-called  "semicritical"  water  oxidation).  Correlations  between 
operating  pressure  and  oxidation  rates  in  SCWO  are  just  beginning  to  be  developed 
(Holgate,  1993).  This  objective  addresses  the  effect  of  water  density  on  the  kinetics  of 
oxidation.  Kinetics  will  be  studied  by  varying  operating  pressure  at  specified  conditions 
of  composition,  temperature  and  residence  time. 
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4.1  Apparatus 

The  experimental  i^}paratus  used  in  this  research  was  the  isobaric,  isothermal  plug-flow 
reactor  used  and  described  in  similar  supercritical  water  oxidation  studies  at  NUT  by 
previous  investigators  (Helling,  1986;  Webley,  1989;  Holgate,  1993)  and  is  shown  in 
Figure  4.1.  Many  improvements  have  been  made  to  the  apparatus  throughout  the  years, 
but  the  current  configuration  shown  in  Figure  4. 1  is  exactly  as  that  described  by  Holgate 
(1993).  Reiteration  of  that  description  is  provided  here  for  documentation  completeness. 

Feed  solutions  arc  prepared  in  two,  three-liter  tanks  (saturators)  made  of  stainless 
steel  (Hoke  8HD3000,  maximum  pressure  1800  psig).  Approximately  2500  mL  of  high- 
purity  water  (Bamstead  NANOpure  water  purification  system)  is  placed  into  each 
saturator.  Oxygen  (Airco)  pressure  in  the  oxygen  saturator  is  adjusted  to  achieve  the 
desired  concentration.  A  single-head,  positive-displacement  pump  (LDC 
Analytical/Milton  Roy  minipump)  circulates  the  water  throughout  the  saturator. 
Overnight  agitation  circulates  approximately  twice  the  saturator  volume,  helping  to 
achieve  equilibrium.  The  relatively  low  solubility  of  oxygen  in  water,  maximum  oxygen 
pressure  and  maximum  pump  flow  rate  limit  the  concentration  of  oxygen  in  the  reactor 
to  about  4  X  10*^  moVerr?  at  246  bar.  Hence,  reaction  kinetics  can  only  be  investigated 
over  a  limited  range  of  concentrations.  Low  concentrations,  however,  aid  in  the 
maintenance  of  reactor  isothermality,  as  larger  concentrations  could  produce  radial  or 


Figure  4.1  Isothennal,  Plug-Flow  Reactor  Apparatus.  From  Holgate  (1993). 
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axial  temperature  gradients  along  the  reactor  due  to  the  highly  exothermic  nature  of  the 
oxidation  reactions.  Organic  feed  preparation  is  similar  to  the  oxygen  feed  preparation 
when  the  organic  is  gaseous  at  ambient  conditions.  But,  in  the  case  of  glucose,  acetic 
acid  and  methylene  chloride,  desired  concentrations  were  prqared  in  aqueous  solutions 
and  loaded  into  the  organic  saturator.  Tl.e  relatively  low  solubility  of  methylene  chloride 
in  water  (1.32  g/100  mL  of  water  at  2S  "Q  constrained  stoichiometric  and  organic-rich 
feed  concentrations  (rather  than  oxygen  solubility)  in  the  CH2G2  o^dation  experiments. 
Rather  than  relying  on  gravity  feed  of  organic  solution  to  the  high-pressure  feed  pump, 
the  organic  saturator  is  pressurized  with  low-pressure  (10  psig)  helium  (Airco). 

A  high  pressure,  variable-speed,  duplex  feed  pump  (LDC  Analytical/Milton  Roy 
minipump)  delivers  feed  solutions  at  operating  pressure  to  the  reactor.  A  back-pressure 
regulator  (Tescom)  at  the  end  of  the  heat  exchanger  governs  system  pressure.  Pressure 
is  monitored  by  a  pressure  transducer  (Dynisco  /4PR690,  0  -  10,000  psig)  just  upstream 
of  the  back-pressure  regulator  and  by  a  pressure  gauge  (Omega  Engineering,  0  -  7,500 
psig  range)  just  downstream  of  the  feed  pump.  The  readings  of  these  two  instruments 
assure  that  the  pressure  drop  through  the  system  is  negligible  relative  to  the  operating 
pressures  of  1 18  to  263  bar.  Pure  water  (with  headspace  pressure  of  approximately  10 
psig  helium)  is  pumped  through  the  reactor  system  during  heatup.  The  flow  is  switched 
to  oxygen  and  organic  feeds  once  desired  reactor  conditions  have  been  attained.  The 
feeds  pass  separately  through  1.5  m  (5  ft.)  of  1.59  mm  (1/16  in.)  316  stainless  steel 
tubing  in  the  preheater  fluidized  sand  bath  (Techne).  This  sand  bath  normally  operates 
at  about  80%  capacity  (approximately  175  "C)  and  brings  the  separated  feeds  to 
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iy)proumately  17S  °C  to  lower  the  load  on  the  final  preheating  step.  The  separated  feeds 
are  further  preheated  to  reactor  conditions  in  the  reactor  sand  bath  (Techne)  using 
another  3.0  m  (heated  length  2.8  m)  of  1.59  mm  (1/16  in.)  Hastelloy  C276  tubing  to 
ensure  the  desired  reactor  temperature  is  reached.  Oxidation  begins  when  the  separated 
feeds  are  mixed  via  cross-injection  in  a  Hastelloy  C276  high-pressure  cross  fitting  (High 
Pressure  Equipment)  at  the  entrance  of  the  reactor.  The  cross  fitting  contains  four  ports 
-  two  horizontal,  diametrically  opposed  feed  injection  ports;  an  upper  vertical  port  that 
houses  a  1.59  mm  (1/16  in.).  Inconel-sheathed,  type  K  thermocouple  (Omega 
Engineering);  and  a  lower  verticle  port  that  attaches  the  reactor  tubing.  The 
thermocouple  measures  the  mixing  temperature.  Another  internal  thermocouple  (Inconel- 
sheathed,  type  K)  is  at  the  reactor  exit.  Externally,  thermocouples  (type  K)  are  located 
at  the  top  and  bottom  of  the  reactor.  Typically,  all  thermocouple  measurements  are 
within  3  -  5  °C  of  each  other  and  reactor  entrance  and  exit  temperatures  are  usually 
within  2  "C.  A  natural  thermal  gradient  exists  within  the  fluidized  sand  bath  such  that 
the  top  bath  temperature  is  about  2  -  4  °C  higher  than  the  bottom.  The  average  of  the 
mixing  temperature  and  the  reactor  exit  fluid  temperature  is  taken  as  the  reactor 
temperature. 

The  reactor  is  a  coiled  tube,  4.71  m  long,  with  an  inner  diameter  of  1.71  mm 
(0.067  in.)  and  an  outer  diameter  of  6.35  mm  (1/4  in.).  It  is  made  of  Inconel  625  and 
has  a  total  internal  volume  (including  fittings  at  the  entrance  and  exit)  of  11.11  cm^. 
Flows  in  the  reactor  are  maintained  in  the  turbulent  or  transition  region  (Reynolds 
number  >  2100)  ensuring  relatively  flat  concentration  and  velocity  profiles.  The 
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supercritical  reactions  are  immediateN  quenched  upon  exiting  the  reactor  via  a  shell-and- 
tube  countercurrent  heat  exchanger  that  is  water-cooled.  The  effluent  then  passes 
through  the  back  pressure  r^ulator  and  is  reduced  to  ambient  pressure.  A  gas-liquid 
sqrarator  divides  the  two  phases.  It  is  assumed  the  two  streams  are  in  equilibrium  when 
they  separate.  Gas  flow  rate  is  measured  with  a  soap-bubble  flowmeter  and  the  liquid 
flow  rate  is  measured  by  noting  the  time  required  to  fill  a  flask  of  ^Kcifled  volume. 

4JZ  Arulytical  Procedures 

Liquid  effluent  analysis  was  done  by  isocradc  high-performance  liquid  chromatography. 
A  Rainin  HPXL  solvent  delivery  system  with  an  Interaction  ORH-80i  analysis  column 
and  Interaction  longuard  guard  column  was  used.  A  Rainin  Dynamax  UV-1  UV/visible 
detector  was  also  used,  at  wavelengths  of  210  and  290  nm.  A  Timberiine  column  heater 
maintained  column  temperature  at  6S^C.  The  mobile  phase  was  0.002  M  H2SO4 
delivered  at  0.5  mL/min.  Sample  injection  volumes  were  100  /rL.  This  setup  and 
method  were  developed  by  Swallow  and  Holgate  (1993).  The  entire  HPLC  system  was 
interfaced  to  a  Macintosh  Ilsi  for  data  acquisition  and  analysis.  Peaks  were  identified 
by  injecting  standard  solutions  of  pure  compounds  and  comparing  retention  times. 
Following  peak  identification,  the  HPLC  was  calibrated  using  varying  concentrations  of 
each  pure  compound  that  matched  the  experimental  retention  time.  Peak  height  and  area 
gave  equally  good  results,  but  peak  height  was  used  for  quantification  since  occasional 
peak  overlap  occurred  and  distorted  peak  area.  Tliese  procedures  are  discussed  in  detail 
in  Section  5.2  HPLC  analysis  was  typically  done  within  a  few  hours  of  sample  collection 
with  acetic  acid,  but  due  to  the  long  run  times  in  glucose  and  (especially)  methylene 
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chloride  product  analysis,  some  samples  were  not  analyzed  until  the  next  day.  All  liquid 
product  effluent  samples  were  analyzed  within  24  hours  of  collection. 

Two  gas  chromatogr^hs  (GCs)  were  used  to  analyze  the  gaseous  effluent.  All 
gases  excq;>t  hydrogen  and  helium  were  analyzed  with  a  Hewlett  Packard  5890  Series  n 
GC,  equipped  with  thermal  conductivity  and  flame  ionization  detectors.  This  was 
interfaced  with  a  Hewlett  Packard  Vectra  386/25  computer  for  data  acquisition  and 
analysis.  Thermal  conductivity  was  used  exclusively  to  detect  O2,  N2,  CO2,  C2H4, 
C^H^,  CH4,  C2H2,  and  CO  (order  of  elution).  The  setup  included  two  columns,  a 
12  ft.  X  1/8  in.  stainless  steel  column  packed  with  80/100  Poropak  T  (Column  I)  and 
an  8  ft.  X  1/8  in.  stainless  steel  colunrn  packed  with  60/80  mesh  molecular  sieve  5A 
(Column  n),  connected  through  an  air  actuated  switching  valve.  The  carrier  gas  (helium) 
flow  rate  was  20  mL/min.  The  method  used  (developed  by  Helling,  1986  and  Webley, 
1989)  was  to  hold  the  oven  temperature  at  60“C  for  7  minutes,  then  increase  the 
temperature  at  a  rate  of  40“C/min.  to  100“C.  Once  the  oven  temperature  reached  100®C, 
it  was  held  for  6  minutes,  making  the  total  method  time  14  minutes.  The  switching 
employed  allowed  samples  to  pass  through  Column  I  and  Column  n  initially; 
immediately  after  the  elution  of  N2  and  O2,  the  valve  (and  order  of  columns)  is  switched 
so  that  CO  and  CH4  pass  through  columns  1, 11,  and  I  a  second  time,  while  CO2  and  the 
other  gases  pass  through  a  single  column  (Column  1).  At  very  high  CO2  concentration, 
a  small  C2H4  peak  can  be  lost;  otherwise,  this  method  provides  excellent  peak  separation 
and  resolution. 

A  second  GC  was  employed  to  detect  hydrogen  and  helium.  Hydrogen’s  thermal 
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conductivity  is  similar  to  the  helium  carrier  gas  used  in  the  aforementioned  method  and 
is  therefore  only  detectable  in  large  quantities.  This  Perkin  Elmer  Sigma  IB  GC  used 
nitrogen  as  the  carrier  gas  and  therd>y  was  very  sensitive  to  trace  anuHmts  of  hydrogen 
and  helium.  Trace  helium  amounts  were  occasionally  observed  because  the  saturator 
liquids  were  pressurized  with  helium  in  loading  the  saturators;  additionally,  the  pure 
water  feed  and  organic  solutions  were  pressurized  with  helium  during  the  heatup  and 
reaction  times,  respectively.  The  method  employed  used  a  constant  even  temperature  of 
60°C  with  a  carrier  gas  (nitrogen)  flow  rate  of  40  mL/min.  for  a  duration  of  7  minutes. 

Actual  gases  were  used  to  volumetrically  calibrate  both  GCs.  During  actual  runs, 
a  200  liL  sample  of  gaseous  effluent  was  taken  and  injected  into  the  Hewlett-Packard 
GC.  Another  200  itL  sample  was  immediately  taken  and  injected  into  the  Perkin  Elmer 
GC.  At  the  end  of  analytical  medicd  run  times,  this  dual  sampling  procedure  was 
repeated.  During  a  typical  run,  4  to  6  samples  were  injected  into  each  GC.  Gas 
composition  (mole  fractions)  was  calculated  from  the  volume  ffacdons  (volume  of  an 
individual  gas  divided  by  the  sum  of  the  volumes  of  all  gases).  Final  gas  compositions 
for  an  experiment  were  typically  averaged  over  four  to  six  sets  of  dual  sample  analyses. 

Glucose  concentrations  were  determined  using  a  standard  enzymatic  technique 
(Sigma  (Chemical  Co.)  and  spectrophotometer.  In  the  analytical  technique,  glucose  is 
converted  by  hexokinase  to  glucose-6-phosphate,  which  is  then  consumed  by  glucose-6- 
phosphate  dehydrogenase  with  concurrent  conversion  of  NAD  to  NADH.  The  resulting 
NADH  concentration  is  equivalent  to  the  original  glucose  concentration.  The  NADH 
concentration  was  determined  by  its  absorption  at  340  nm  using  a  UV/visible 
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spectrophotometer  (Shimadzu  UV160U).  This  method  is  glucose  specific  and  not  easily 
subject  to  interference  by  other  compounds.  Detectability  with  this  method  was  as  low 
as  5  X 10*^  moles  of  glucose  per  liter  of  effluent. 

Measurement  of  chloride  ion  concentration  in  the  liquid  product  of  methylene 
chloride  hydrolysis  and  oxidation  was  done  by  using  an  ORION  Model  96-17B 
Combination  Chloride  Electrode  in  conjunction  with  an  ORION  Model  701 A  digital 
pH/mV  meter.  The  electrode  has  a  low-level  calibration  detectability  limit  of 
1.0  X  10*^  mol/L  chloride  concentration  and  is  accurate  to  an  upper  limit  of 
approximately  1  x  10"^  mol/L.  The  pH/mV  meter  covers  the  range  of  ±  1999,9  mV 
with  ±0.1  mV  precision.  Since  most  of  our  product  effluent  was  near  the  upper 
detectability  limit,  our  samples  were  diluted  to  one-tenth  their  effluent  concentration  prior 
to  analysis.  This  reduced  variability  in  our  voltage  readings.  Higher-level  (linear) 
calibrations  were  made  using  five  NaCl  solutions  of  known  concentration.  Low-level 
(non-linear)  serial  calibration  was  accomplished  as  per  the  electrode’s  instruction  manual. 
Calibration  was  periodically  checked  throughout  the  day.  If  the  calibration  drifted  by 
more  than  .3  mV  (~  lO*^  mol/L),  the  apparatus  was  recalibrated.  Samples  were  allowed 
to  collect  2-3  days  before  chloride  analysis. 

4.3  Data  Reduction 

Calculations  used  in  data  analysis  have  been  expounded  on  by  Helling  (1986),  Webley 
(1989),  and  Holgate  (1993)  and  an  in-depth  presentation  can  be  found  in  these  authors’ 
works.  An  overview  of  important  assumptions  and  calculations  is  given  here  for 
document  completeness. 
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Equilibrium  between  the  gas  and  liquid  phases  is  assumed  once  the  effluents  have 
exited  the  gas-liquid  separator.  The  total  gaseous  molar  flow  rate  must  include  gas 
dissolved  in  the  liquid  effluent  as  well  as  the  gas  flow  measured  via  the  bubble-flow 
meter.  Liquid-phase  composition  is  determined  from  the  measured  gas-phase 
composition  by  Henry’s  law: 

(4.1) 

where  y,-  =  gas-phase  mole  fraction  of  species  i 
=:  gas-phase  fugacity  coefficient 
P  =  pressure 

H^(T,P)  —  Henry’s  law  constant 
Xf  =  liquid-phase  mole  fraction  of  species  / 
and  Xf  is  the  desired  quantity.  The  gas-phase  mole  fraction  is  determined  by  gas 
chromatography,  and  since  the  exit  pressure  is  ambient,  is  set  to  unity.  Henry’s  law 
constants  are  functions  of  temperature  near  ambient  and  were  obtained  for  oxygen 
(Benson  et  al,,  1979),  carbon  monoxide  (Rettich  et  al..  1982),  hydrogen,  helium, 
nitrogen,  carbon  dioxide  (with  a  correction  for  the  dissociation  of  carbonic  acid), 
ethylene,  and  acetylene  (Wilhelm  et  al..  1977),  and  methane  and  ethane  (Rettich  et  al., 
1981).  Liquid-phase  contribution  to  the  molar  gaseous  flow  was  usually  small,  although 
carbon  dioxide’s  high  solubility  in  water  made  its  contribution  significant. 

Conversions  and  reaction  rates  are  based  on  product  formation  and  reaction 
stoichiometry.  Reactor  inlet  O2  concentrations  were  based  on  the  liquid-phase  mole 
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fraction  in  the  oxygen  saturator  as  calculated  from  Henry’s  law,  and  the  flow  rates  of  the 
two  feed  pumps.  The  gas-phase  fiigacity  coefficient,  ,  accounts  for  the  non-ideality 
of  the  high-pressure  (8-1 10  bar)  gas  phase  in  the  saturator.  The  Peng-Robinson  equation 
of  state  with  parameters  found  in  Reid  et  al.  (1987)  was  used  to  calculate  the  fiigacity 
coefficient  for  oxygen.  Pressure  dependence  of  the  Henry’s  law  constants  was  taken  into 
account  through  a  Poynting-type  correction 

cxplV^SP-Pom  (‘^•2) 

The  infinite-dilution  partial  molar  volume  (V^ »)  ft>r  oxygen  was  obtained  from  Brelvi 
and  O’Connell  (1972).  Atmospheric  pressure  was  used  as  the  reference  pressure  (PJ). 
Tests  of  this  method  were  conducted  with  the  reactor  operating  at  ambient  temperature. 
Complete  recovery  (within  2%)  of  the  calculated  gas  feed  was  attained,  adding  credence 
to  the  technique. 

4.4  Experimental  Uncertainty 

Experimental  errors  are  estimates  based  on  uncertainties  in  measured  values.  All 
measured  quantities  are  given  as  approximate,  normal,  95%  confidence  intervals  (2 
standard  deviations).  Measurement  uncertainties  are  propagated  to  uncertainties  in 
calculated  quantities  using  standard  propagation-of-error  formulas  (Aikens  et  al.,  1984). 

Typically,  five  to  fifteen  liquid  flow  rates  were  measured  during  each  run.  These 
measurements  were  averaged,  with  two  standard  deviations  of  the  data  taken  as  the  95% 
confidence  interval.  Similar  calculations  were  done  for  the  gaseous  effluent  flow  rates 
(normally  five  to  fifteen  measurements).  The  six  pairs  of  gas  samples  were  analyzed  and 
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the  average  composition  was  determined.  In  some  cases,  the  first  gas  sample(s)  taken 
indicated  the  reactor  had  not  reached  steady  state,  and  these  samples  were  not  included 
in  the  average.  Two  standard  deviations  were  taken  as  the  confidence  interval  for  the 
amount  of  each  species  present.  Analytical  results  of  three  liquid  samples  of  each  run 
were  averaged  to  obtain  the  concentration  of  liquid  products  in  the  liquid  effluent,  again 
with  two  standard  deviations  as  the  confidence  interval.  Error  in  the  measurement  of  the 
organic  concentrations  was  estimated  by  multiple  injections  of  the  same  feed  into  the 
HPLC,  which  had  been  calibrated  with  known  concentrations  (the  Experimental  Results 
Sections  of  Chapters  6  and  7  describe  the  error  associated  with  acetic  acid  and  methylene 
chloride,  respectively).  These  averaged  values  with  their  respective  95%  confidence 
intervals  were  used  to  make  calculations  necessary  to  interpret  the  results.  Propagated 
error  for  simple  sum  and  difference  calculations  was  calculated  as  the  square  root  of  the 
sum  of  the  squares  of  the  absolute  errors  of  the  values  being  added  or  subtracted.  For 
calculations  involving  products  and  quotients,  the  propagated  relative  error  is  equal  to 
the  square  root  of  the  sum  of  the  squares  of  the  relative  errors  used  in  the  calculations 
(where  relative  error  -  also  called  fractional  error  -  is  defined  as  the  absolute  error 
divided  by  the  average  value  of  the  quantity).  Error  in  slopes  of  linear  fits  to  data 
employed  a  modified  computer  program  (Press  et  al. ,  1986)  that  required  input  of  data 
points  with  their  respective  95%  confidence  intervals,  and  then  used  a  Monte  Carlo 
technique  that  assumed  normal  distribution  of  error  about  each  data  point  and  drew 
10,000  randomly  generated  lines  through  the  data,  resulting  in  95%  confidence  intervals 
for  the  slope  and  intercepts. 
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Rigorously,  Student’s  t  distribution  should  be  used  to  obtain  confidence  intervals, 
rather  than  the  normal  distribution.  However,  enough  experimental  measurements  were 
typically  made  so  that  the  difference  between  the  two  distributions  was  negligible. 


Chapter  5 

Glucose  Hydrolysis  and  Oxidation  in 
Supercritical  Water 


Introduction  5.1 

Glucose  supercritical  water  oxidation  was  done  collaboradvely  with  Rick  Holgate  with 
this  researcher  carrying  out  the  actual  experimental  runs  and  Holgate  doing  the  analytical 
work  and  presentation  of  results.  Product  resolution  has  continued  beyond  what  was 
done  collaboradvely,  but  with  little  new  insight.  A  forthcoming  paper  will  cover  these 
experiments  and  interpretadon  of  the  results.  More  detailed  informadon  can  be  found  in 
Holgate’s  (1993)  doctoral  thesis. 

Supercridcal  water  oxidadon  of  wastes  containing  solids  can  be  carried  out 
without  addidon  of  supplementary  fuel.  In  addidon  to  complete  oxidadon  to  CO2,  N2, 
and  H2O,  a  meaningful  amount  of  heat  can  be  recovered  from  the  oxidadve  process. 
SCWO  becomes  increasingly  attracdve  considering  convendonal  incineradon  of  these 
types  of  wastes  requires  the  removal  of  water  from  the  sludge  and/or  addidonal  fuel  to 
increase  the  waste  headng  value.  SCWO  of  sludges  may  even  be  more  economical  than 
landfilling  (Modell  et  al.,  1992)  in  some  instances.  Sludges  that  contain  dioxins  and 
fiirans  can  also  be  efficiendy  destroyed  (Hossain  and  Blaney,  1991;  Modell  et  al.,  1992). 
The  supercridcal  environment  can  also  be  controlled  to  the  extent  that  wastes  containing 
nitrogen  compounds  can  be  pardally  oxidized  to  ammonia;  this  is  particularly  useful  in 
converting  human  waste  to  clean  ferdlizer  (Takahashi  e.t  al.,  1989). 


42  ★  Glucose  Hydrolysis  and  Oxidation  in  Supercritical  Water 

Sludges  and  human  waste  typically  have  high  fiber  (cellulose)  content,  some  with 
weighty  amounts  of  lignin  as  well.  Characteristically  acidic,  heating  causes  hydrolysis 
and  depolymerizadon  of  cellulose  to  its  monomer,  glucose  (Skaates  et  al.,  1981)  and 
other  products  (Bobleter  and  Bonn,  1983;  Mok  et  al. ,  1992).  As  a  significant  hydrolysis 
product,  glucose  is  therefore  a  germane  model  compound  for  the  study  of  human  waste 
and  sludges. 

Most  studies  in  the  SCWO  of  these  types  of  wastes  has  concentrated  on 
destruction  efficiency  (Takahashi  etai,  1989;  Hossain  and  Blaney,  1991;  Model!  et  al., 
1992)  rather  than  kinetics.  However,  many  kinetic  studies  have  been  performed  under 
wet-air  oxidation  environments  (Ploos  van  Amstel  and  Rietema,  1970;  Brett  and 
Gurnham,  1973;  Skaates  et  al.,  1981).  Extrapolation  of  these  kinetic  findings  to  the 
supercritical  regime  is  speculative,  since  wet-air  oxidation  occurs  at  much  lower 
temperatures  and  pressures  than  supercritical  water  oxidation.  Additionally,  little  attempt 
has  been  made  in  the  wet-air  oxidation  studies  to  determine  product  yields  or 
identification  (Skaates  et  al.,  1981,  did  identify  several  oxidation  products  and  Ploos  van 
Amstel  and  Rietema,  1970,  did  determine,  in  general,  that  products  of  hydrolysis  were 
more  refractory  than  glucose). 

Since  oxidation  of  glucose  in  supercritical  water  remains  relatively 
uncharacterized,  an  investigation  into  its  oxidation  kinetics  as  a  model  compound  for 


cellulosic  waste  was  initiated. 
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SJl  Literature  Review 

Literature  pertaining  to  earlier  glucose  hydrolysis  and  pyrolysis  experiments  was  used  as 
a  starting  point  in  identifying  possible  supercritical  water  oxidation  products.  The 
availability  of  this  material  is  attributable  to  the  interest  in  converting  biomass  to  liquid 
fuels  and  chemical  feedstocks. 

Cellulosic  carbohydrate  pyrolysis  generates  many  smaller  products  to  include 
char,  liquid  organics,  and  light  gases  (Antal,  1982;  Evans  and  Milne,  1987).  Whereas 
cellulose  hydrolysis  produces  glucose  as  an  intermediate,  cellulose  pyrolysis  forms 
levoglucosan  (1,6-anhydro-B-D-glucopyranose)  as  a  transitional  compound.  More  than 
80  products  have  been  identified  in  the  pyrolysis  of  wood  (Evans  and  Milne,  1987), 
many  of  which  (phenols)  are  attributed  to  the  presence  of  lignin. 

Many  aqueous  glucose  hydrolysis  experiments  have  been  conducted  in  the 
temperature  range  100  to  250  °C.  A  major  product  identified  is  5- 
hydroxymethylfurfural,  which  itself  hydrolyzes  to  levulinic  acid  and  formic  acid  or 
polymerizes  to  color  the  sugar  solution  (Wolfrom  et  al,  1948;  Singh  et  ai.,  1948; 
Newth,  1951;  Mednick,  1962).  Workers  at  the  University  of  Hawaii  have  researched 
the  hydrolysis  of  fructose,  sucrose  and  xylose,  with  and  without  acid  catalyst,  at  250  °C 
and  345  bar.  Fructose  and  sucrose  produced  notable  amounts  of  5- 
hydroxymethylfurfural.  Smaller  amounts  of  furfural  were  also  detected.  Xylose 
hydrolysis  produced  furfural.  Other  products  identified  included  formic  acid,  lactic  acid, 
levulinic  acid,  pyruvaldehyde,  and  glyceraldehyde  (Antal  etaL,  1990a,  1991;  Antal  and 
Mok,  1988). 
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The  first  studies  in  glucose  hydrolysis  under  supercritical  and  near  supercritical 
conditions  were  carried  out  at  MIT  in  the  early  to  mid-1970’s  (Amin  et  al.,  1975). 
Among  the  important  results,  it  was  discovered  that  below  the  critical  temperature  of 
water,  glucose  hydrolysis  produced  char  and  liquid  organics.  Conversely,  significant 
gasification  of  the  glucose  (20%)  occurred  above  the  critical  temperature  and  at  221  bar. 
This  gas  was  composed  mostly  of  carbon  monoxide,  carbon  dioxide,  and  hydrogen,  with 
trace  amounts  of  methane  and  two-carbon  gases  also  present.  Additionally,  little  char 
was  noted,  and  the  liquid  products  consisted  namely  of  furans  and  fiirfurals  (Amin  et  al. , 
1975;  Model!,  1985b).  Woemer  (1976)  corroborates  the  results. 

Recently,  Antal  et  al.  (1992)  have  studied  supercritical  water  oxidation  of  glucose 
at  conditions  most  directly  relevant  to  this  work.  Complete  gasification  of  glucose 
occurred  at  600  ®C,  345  bar,  and  20  seconds  residence  time.  This  gas  was  comprised 
mainly  of  C02and  H2.  With  temperature  constant,  residence  time  had  little  effect  on  gas 
yield.  But,  increasing  temperature  significantly  increased  gasification.  Reactor  material 
also  affected  gasification  and  gaseous  composition.  Reactors  made  of  Inconel  625  and 
Hastelloy  C276  were  compared.  Inconel  625  seemed  to  catalyze  gasification  as  well  as 
the  water-gas  shift  in  that  CO  yields  decreased  while  hydrogen  and  carbon  dioxide  yields 
increased. 

Most  all  of  the  above  studies  fail  to  address  the  environmental  conditions  directly 
applicable  to  the  supercritical  water  oxidation  process.  Still,  the  pyrolysis  and  hydrolysis 
studies  (most  hydrolysis  experiments  were  acid-catalyzed  and  skewed  kinetics  toward 
ionic  chemistry  not  likely  in  SCWO)  do  provide  a  starting  point  from  which  glucose 
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SCWO  products  and  kinetics  may  be  developed. 

5  J  Product  Identification 

Analyses  of  reactor  effluent  composition  was  done  by  gas  chromatography  (GC)  for  the 
gaseous  phase  and  high-performance  liquid  chromatography  (HPLC)  for  the  liquid  phase. 
These  methods  were  discussed  in  the  Analytical  Procedures  section  of  Giapter  4. 

Gas  phase  product  idendficaticn  and  quantification  were  relatively  straightforward 
due  to  the  limited  number  of  products.  Hydrogen,  carbon  monoxide,  carbon  dioxide, 
methane,  ethane,  imd  ethylene  were  identified  in  the  gaseous  effluent.  Acetylene  was 
specifically  tested  for  but  not  detected.  Three-carbon  and  higher  gases  were  not 
specifically  tested  for,  but  the  absence  of  spurious  peaks  in  and  between  chromatographs 
indicated  no  other  unidentified  gases  were  present.  Also,  when  glucose  conversion 
resulted  in  almost  exclusively  gaseous  products,  the  carbon  balance  closures  were 
excellent  (95  -  97%  closure).  The  absence  of  spurious  peaks  and  carbon  closures  led  us 
to  conclude  that  C3  (or  higher)  gases  were  not  present  or  were  only  formed  in  negligible 
amounts  under  all  of  our  experimental  conditions. 

Liquid  effluent  products  were  considerably  more  of  a  challenge  to  identify,  'fhe 
aforementioned  glucose  studies  gave  us  an  initial  list  of  would-be  products.  The 
abundance  of  these  products  in  those  studies  as  well  as  commercial  availability  reduced 
the  list  of  potential  compounds.  Table  5.1  shows  suspected  compounds  specifically 
tested.  These  compounds  were  diluted  to  known  molarities  and  injected  into  the  HPLC. 
The  observed  retention  times  were  then  compared  to  product  peak  retention  times. 


46  *  Glucose  Hydrolysis  and  Oxidation  in  Supercritical  Water 


Table  5.1  Summary 

of  Compounds  Tested  as  Possible  Liquid-Phase 

Products. 

From  Holgate  (1993). 

Present  in  Effluent  from 

Compound 

RT*.  min 

X**,  nm 

Hydrolysis 

Oxidation 

Acetaldehyde 

15.9 

290 

/ 

/ 

Acetic  Acid 

13.1 

210 

/ 

/ 

Acetol  (Hydroxyacetone) 

10.4,14.8 

210 

? 

Acetone 

18.3 

290 

Acetonylacetone 

19.75 

210 

/ 

/ 

(2,S*Hexanedione) 

2-Acetylfuran 

42.9 

290 

/ 

Crotonaldehyde 

28.9 

210 

Crotonic  Acid 

21.7 

210 

? 

2-Cyclopenten- 1  -one 

29.7 

210 

? 

7 

3,4-Dihydro-2H-pyran 

NI>= 

— 

Dihydroxyacetone 

11.9 

210 

2,5-Dimethylfuran 

M** 

— 

Formaldehyde 

ND 

— 

Formic  Acid 

11.8 

210 

/ 

Furfuryl  Alcohol 

36.1 

290 

2-Furaldehyde  (Furfural) 

35.8 

290 

/ 

/ 

Furan 

31.9 
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Peak  detection  was  accomplished  by  UV  adsorption  at  two  different  wavelengths, 
210  and  290  nm  (2100  and  2900  A).  Analysis  at  dual  wavelengths  enabled 
discrimination  between  peaks  by  functional  group,  and  allowed  identificatibn  of 
additional  species  not  detectable  at  a  single  wavelength.  For  example,  UV  absorption  by 
a  compound  requires  the  presence  of  a  double  bond,  cither  C=C  or  C=0.  Carboxylic 
acids  have  their  maximum  UV  absorbance  at  approximately  210  nm,  as  do  unsaturated 
or  conjugated  ketone  and  aldehydes.  On  the  other  hand,  saturated  aldehydes  and  ketone 
have  their  maximum  absorbance  at  about  290  nm.  Extended  conjugation  of  aldehydes 
and  ketone  shifts  the  maximum  absorbance  at  about  210  nm  (Silverstein  et  al.,  1991). 
consequently,  detection  at  a  single  wavelength  (e.g.,  210  nm)  limits  the  ability  to  identify 
all  species:  at  210  nm,  simple  aldehydes  have  virtually  no  absorbance,  while  carboxylic 
acids  have  no  absorbance  at  290  nm.  Furthermore,  for  compounds  which  adsorb  at  both 
210  nm  and  290  nm,  the  wavelength  that  maximizes  sensitivity  (with  maximum 
adsorption)  can  be  chosen.  For  example,  furaldehydes  may  be  detected  in  the  liquid 
effluent  at  concentration  as  low  as  10"^  mol/L  by  absorbance  at  290  nm.  The  ability  to 
discriminate  on  the  basis  of  functional  group  is  illustrated  by  acetaldehyde  and  propenoic 
(acrylic)  acid  in  Table  5.1.  Both  compounds  have  almost  the  same  retention  time,  but 
propenoic  acid  adsorbs  exclusively  at  210  nm  while  acetaldehyde  adsorbs  only  at  290  nm. 
Thus  these  two  compounds  may  be  identified  and  their  amounts  quantitatively  determined 
by  the  dual- wavelength  analysis,  even  though  their  peaks  overlap.  Table  5.1  lists  the 
better  of  the  two  wavelengths  for  the  detection  of  each  test  compound. 

A  disadvantage  in  using  UV  adsorption  in  analysis  is  its  inability  to  detect  most 
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compounds  without  a  double  bond.  Potential  products  lacking  a  double  bond  were 
therefore  occluded  as  possibilities.  A  few  compounds,  despite  having  the  needed  double 
bonds  for  detection,  were  still  not  s^reciadvely  detectable.  This  is  attributable  to  the 
compound’s  ability  to  exist  in  a  solution  form  that  does  not  contain  a  C=0  or  C=C 
bond.  For  example,  glucose  itself  does  not  exist  with  its  detectable  aldehyde  group  in 
solution,  but  rearranges  into  its  cyclic,  hemiacetal  (glucopyranose)  form,  undetectable  by 
UV  adsorption.  Similarly,  formaldehyde  in  solution  rearranges  to  formalin,  or 
methanedioi,  that  no  longer  contains  the  C=0  bond  that  would  be  detectable  in  its  non- 
aqueous  form.  Fortunately,  unambiguous  glucose  detection  was  possible  using  the 
enzymatic  technique  described  in  Section  4.2. 

Another  characteristic  in  using  UV  adsorption  was  the  tendency  of  some 
seemingly  pure  compounds  to  give  multiple  peaks  in  aqueous  solution.  Evidently  these 
compounds  partially  react  in  water,  making  identification  of  the  parent  and  auxilary  peaks 
quite  challenging. 

Phenolics  and  other  six-membered  aromatics  were  not  tested  as  possible  products. 
Although  phenolics  have  been  identified  in  biomass  pyrolysis,  these  have  been 
attributable  to  decomposition  oflignin,  not  cellulose  (Evans  and  Milne,  1987).  Likewise, 
sugar  hydrolysis  done  at  the  University  of  Hawaii  indicates  that  fiirans,  furaldehydes  and 
their  derivatives  are  the  dominant  products  (Antal  et  al. ,  1990a,b,  1991).  Antal  (1990b) 
has  noted,  however,  that  1,4-butanediol  may  form  and  West  and  Gray  (1987)  report  the 
formation  of  dioxanes  from  1 ,4-butanediol  in  supercritical  water.  Theander  and  Nelson 
(1978)  show  that  aromatics  (hydroxybenzenes)  may  form.  Hence,  since  phenols  or  larger 
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compounds  cannot  form  without  some  type  of  combination  of  gluane  molecules,  their 
presence  is  suspect.  Still,  they  cannot  be  entirely  ruled  out.  HPLC  duomatograms  were 
run  for  as  long  as  90  minutes  with  no  peaks  detectable  after  60  minutes.  Since  UV 
adsorption  should  be  sensitive  to  highly  conjugated  species,  tire  absence  of  peaks  would 
indicate  that  larger  condensation  products  (phenolics,  oligimen,  etc.)  are  not  appreciably 
present.  The  reproducibility  of  chromatograms  also  supports  the  absence  of  any  spurious 
peaks  which  may  elute  after  the  90  minute  run  times.  These  observations  indicate  that 
there  were  no  high  molecular  weight  products  present  in  the  liquid  reactor  effluent. 

Two  typical  HPLC  chromatograms  for  glucose  hydrolysis  and  oxidation  are 
shown  in  Figure  5.1.  Detection  was  at  210  nm  and  reactor  conditions  were  246  bar, 
500  °C,  and  a  residence  time  of  6  seconds.  Reactor  inlet  concentrations  for  oxidation 
were  1  x  lO"^  mol/cm^  for  glucose  and  6  x  lO"^  mol/cm^  for  oxygen.  Known  or 
suspected  peak  identities  have  been  shown.  Note  the  considerably  fewer  products  of 
oxidation  compared  to  hydrolysis. 

Glucose  hydrolysis  gives  many  unidentifiable  products,  in  accordance  with  many 
of  the  aforementioned  difficulties  in  using  UV  adsorption.  Still,  identification  has  been 
made  on  some  compounds.  These  compounds  include  acrtic  acid,  acetaldehyde 
(detectable  only  at  290  nm),  acetonylacetone  (2,5-hexanedione),  2-acetylfuran  (trace 
amounts  and  not  quantified),  formic  acid,  furfural  (2-furaldehyde),  5- 
hydroxymethylfurfural,  lactic  acid,  5-methylfurfural,  and  propcnoic  (acrylic)  acid.  These 
compounds  are  shown  structurally  in  Figure  5.2.  The  basis  for  these  identifications  is 
described  by  co-worker  Holgate  (1993)  and  follows. 
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Figure  5.1  Comparison  of  HPLC  Chromatograms  of  Liquid  Emuent  from 
Glucose  Hydrolysis  and  Oxidation  in  Supercritical  Water.  Nominal 
initial  conditions;  500  ®C,  IxlO"*  mol/cm^  glucose,  6x10^  mol/cm^ 
oxygen  (for  oxidation),  6  seconds  reactor  residence  time.  UV  detection 
at  210  nm.  From  Holate  (1993). 


Glucose  Hydrolysis 
500  “C 


:s 

^  I 

.a  s 

Glucose  Oxidation 

2  9 

500  'C 

5  8-  f 

Reactor  Residence  Time  =  6  s 

a  £  o 

8 

1ju_ 

1 1 


1 1 1  » 1 1 1  rrn  1 1 1 1  r  1 1  ii  1 1 
Retention  Time  (min) 


ii'rri  rr^ri  1 1  i  i  rri  i  i 


Produa  Identificadon  *  51 


Fisure  5.2  Compounds  Identified  in  Liquid  Effluent  of  Glucose  Hydrolysis  and/or 
Oxidation. 
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Formic  acid  and  dihydroxyacetone  have  virtually  identical  retention  times  (11.8 
vs.  11.9  min. ;  see  Table  S.  1).  However,  dihydroxyacetone  has  a  much  lower  absorbance 
than  formic  acid,  and  the  peak  at  this  retention  time  should  be  considered  to  be  formic 
acid,  in  accordance  with  Antal  et  al.  (1990a,  1991).  No  matter  what  the  peak  identity, 
it  appears  to  be  fairly  unstable  and  disappears  from  the  hydrolysis  effluent  for 
temperatures  above  500  °C. 

Acetol  (hydroxyacetone)  gives  two  peaks  (at  10.4  and  14.8  min.),  indicating  that 
it  undergoes  rearrangement  in  solution,  most  likely  forming  2-hydroxypropanal.  The 
HPLC  method  in  this  work  was  based  on  the  method  of  Antal  et  al.  (1991)  for  detection 
and  quantification  of  the  products  of  xylose  hydrolysis;  comparison  of  relative  retention 
conesponds  to  acetol;  the  peak  at  10.4  min.  is  probably  2-hydroxypropanal. 

A  cluster  of  peaks  with  similar  retention  times  exists  near  the  10- min.  mark. 
Compounds  eluting  in  this  narrow  retention-time  range  include  glyceraldehyde,  succinic 
acid,  hydroxyacetic  acid,  and  (tentatively)  2-hydroxypropanal.  With  the  natural  drift  in 
retention  times  between  samples,  these  peaks  are  not  adequately  resolved  and  no  positive 
identifications  are  possible.  At  higher  temperatures,  these  peaks  are  unimportant.  Under 
oxidizing  conditions,  the  peaks  disappear  at  450  °C  and  above.  For  hydrolysis 
condidons,  the  peaks  persist  to  higher  temperatures,  but  disappear  at  525  "C  and  above. 
The  identification  of  lactic  acid  at  a  retention  time  of  11.1  min.  may  not  be  positive, 
since  Antal  et  al.  (1991)  indicate  that  glycolaldehyde  (which  was  not  tested  here)  elutes 
at  the  s  ime  time  as  lactic  acid;  however,  Antal  et  al.  (1990a)  did  not  detect 
glycoaldehyde  during  fructose  hydrolysis  at  250  °C  and  345  bar.  Like  the  peaks  at 
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approximately  10  min.,  the  lactic  acid  peak  disappears  at  higher  temperatures. 

Propenoic  (acrylic)  acid  and  propionic  (propanoic)  acid  have  very  similar  retention 
times;  the  very  tall  peak  at  about  IS. 5  min.  present  in  effluent  samples  could  belong  to 
either  compound.  However,  the  height  of  the  peak  suggests  that  it  is  probably  propenoic 
acid,  because  of  its  much  higher  adsorption  due  to  conjugation.  To  create  such  large 
peaks,  propionic  acid  would  have  to  be  present  at  concentrations  so  large  that  carbon- 
balance  closures  on  the  reactor  would  be  adversely  affected.  The  tall  peak  is  therefore 
attributed  to  propenoic  acid. 

Crotonaldehyde,  crotonic  acid,  and  2-cyclopeten-lone  all  exhibit  retention  times 
near  those  of  peaks  observed  in  effluent  samples.  Unfortunately,  retention  times  are  not 
sufficiently  close  to  warrant  a  positive  assignment  of  identity  to  the  peaks,  furthermore, 
a  peak  at  about  30  min.  exists  in  the  effluent  samples  for  detection  at  both  210  nm  and 
290  nm.  If  the  peak  at  210  nm  is  2-cyclopeten-lone,  then  the  peak  at  290  nm  must 
correspond  to  another  unknown  species,  since  2-cyclopenten-l-one  does  not  adsorb  at  290 
nm. 

The  peak  in  the  effluent  samples  at  about  36  min.  was  quantified  as  furfural  rather 
than  furfuryl  alcohol,  since  furfuryl  alcohol  did  not  absorb  at  210  nm  and  gave  a  small 
peak  at  290  nm;  the  peak  in  the  effluent  sample,  on  the  other  hand,  occurred  at  both  210 
and  290  nm  and  was  large  at  290  nm,  consistent  with  the  behavior  of  the  furfural  peak. 

Acetonylacetone  was  identified  since  it  appears  to  be  a  hydrolysis  product  of  2,5- 
dimethylfuran,  which  has  been  detected  among  the  products  of  cellulose  pyrolysis  (Antal, 
1982)  and  glucose  caramelization  (Shallenberger  and  Birch,  1975).  A  path  to 
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acetonylacetone  from  glucose  through  2,S-dimethyIfuran  therefore  apparently  exists. 
Acetonylacetone  was  also  listed  as  a  suspected  product  by  Woemer  (1976)  for  hydrolysis 
of  glucose  in  near-critical  water.  However,  oxidation  experiments  in  the  present  study 
at  450  and  475  ®C  gave  in  excess  of  100%  carbon  recovery  (118%  and  111%, 
respectively),  and  indicated  that  the  acetonylacetone  peak  may  have  been  improperly 
assigned.  Had  the  peak  been  a  C3  compound  instead  of  a  Cg,  carbon-balance  closures 
would  have  been  much  improved.  The  assignment  of  the  acetonylacetone  peak  must 
therefore  be  regarded  with  high  uncertainty. 

5.4  Product  Distribution 

Glucose  hydrolysis  and  oxidation  experiments  were  conducted  at  246  bar,  from  425  to 
600  "C,  at  a  residence  time  of  6  seconds  (these  temperatures  and  pressure  are  pertinent 
to  a  commercialized  SCWO  process).  At  reactor  conditions,  the  inlet  glucose 
concentration  was  1  x  lO"*  mol/cm^  for  both  hydrolysis  and  oxidation.  Such  conditions 
allowed  separation  between  products  and  rates  of  the  hydrolysis  and  oxidation  pathways. 
In  oxidation  experiments,  stoichiometric  oxygen  (6  x  10^  mol/cm^)  was  supplied  as 
detailed  in  Section  4.1.  Oxygen  solubility  at  ambient  temperature  and  pressures  less  than 
2(XX)  psig  constrained  oxygen  concentration  and  hence  glucose  concentration,  since  it  was 
desirable  to  have  glucose  concentration  the  same  during  both  oxidation  and  hydrolysis. 
The  concentrations  used  were  the  highest  achievable  oxygen  concentrations  over  the 
range  of  range  of  temperatures  studied. 

Oxidation  experiments  were  performed  immediately  after  their  corresponding 
hydrolysis  experiment.  After  pressurization  and  heatup  to  the  desired  reactor  conditions. 
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the  glucose  feed  was  switched  on  and  hydrolysis  begun.  Pure  water  pressurized  with  low 
pressure  helium  flowed  through  the  oxygen-side  pump.  Upon  completion  of  the 
hydrolysis  experiment,  the  oxygen  feed  was  turned  on  (oxygenated  water  flowed  through 
the  oxygen-side  pump)  and  oxidation  was  begun.  The  high  pressure  oxygen  saturator 
solution  diluted  the  glucose  feed  somewhat  more  than  the  water  under  low-pressure 
helium,  but  this  perturbation  was  minor  and  the  conditions  of  the  hydrolysis  and 
oxidation  experiments  were  essentially  identical  except  for  the  presence  or  absence  of 
oxygen. 

Complete  hydrolysis  of  glucose  yields  considerable  hydrogen: 

-  6COj  +  \2H^  (5.1) 

Approximately  97%  of  glucose  was  converted  at  even  the  lowest  temperature  investigated 
(425  ®C).  Despite  the  absence  of  oxygen,  glucose  reactivity  was  high.  Determination 
of  glucose  consumption  was  therefore  not  attainable  with  our  apparatus  under 
supercritical  temperatures  and  pressure.  The  extent  of  gasification  during  hydrolysis, 
defined  as  the  moles  of  carbon  present  in  the  gaseous  effluent  divided  by  the  moles  of 
carbon  fed  to  the  reactor,  is  shown  in  Figure  5.3.  All  error  bars  and  confidence  intervals 
are  at  95%  confidence  unless  otherwise  stated.  Gasification  under  hydrolysis  conditions 
spanned  a  range  of  12%  at  450  °C,  to  essentially  100%  at  575  and  600  °C.  In  the 
current  system,  extremely  high  (around  40  ml/min)  gas  flow  rates  are  difficult  to  measure 
precisely  (up  to  18  moles  of  gas  can  be  produced  from  1  mole  of  glucose  via  hydrolysis); 
the  measured  rates  fluctuated  more  widely,  and  therefore  more  error  is  associated  with 
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Figure  5.3  Variation  of  Extent  of  Glucose  Gasification  with  Temperature  During 
Hydrolysis  and  Oxidation.  Nominal  initial  conditions:  1  x  10'^  mol/L 
glucose,  6x  lO"^  mol/L  oxygen;  6  seconds  reactor  residence  time.  Error 
bars  represent  a  95%  confidence  interval.  From  Holgate  (1993). 
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the  gasification  at  the  higher  temperatures. 

Figures  5.4  -  5.6  show  the  major  products  identified  in  glucose  hydrolysis.  The 
product  yield  is  defined  as  the  moles  of  product  divided  by  the  moles  of  reacted  glucose. 
By  this  definition,  the  maximum  yield  of  hydrogen  is  12  and  of  carbon  dioxide  is  6  (see 
Equation  5.1).  The  product  yield  on  a  per-mole-reoc/ed  basis  is  basically  equal  to  the 
yield  on  a  per-mole-^  basis,  since  conversion  was  at  least  97%  in  all  experiments. 
Carbon  dioxide,  carbon  monoxide,  hydrogen,  and  methane,  with  smaller  amounts  of 
ethylene  and  ethane  make  up  the  gaseous  products  of  glucose  hydrolysis,  as  depicted  in 
Figure  5.4.  As  mentioned  in  Section  4.2,  due  to  inadequate  peak  separation,  the  ethylene 
peak  may  be  lost  when  large  amounts  of  carbon  dioxide  are  present.  The  disappearance 
of  ethylene  at  575  and  600  °C  may  be  a  result  of  this  analytical  error.  As  CO  would  be 
expected  to  be  an  intermediate  in  the  conversion  of  glucose  to  CO2,  the  absence  of  CO 
at  higher  temperatures  (575  and  600  ®C)  indicates  that  the  water-gas  shift 
(C0-I-H20  -*  CO2+H2O)  must  also  be  present  and  appreciably  fast.  This  is  consistent 
with  the  findings  of  Antal  et  a/.  (1992), 

The  hydrolytic  liquid  effluent  contained  many  products,  especially  at  lower 
temperatures.  Inability  to  identify  these  species  as  discussed  earlier  gave  correspondingly 
low  carbon  balance  closures  (approximately  50%),  As  higher  temperatures  increased 
gasification  (where  products  were  more  exactly  defined),  carbon  balance  improved,  with 
complete  closure  at  100%  gasification  (575  to  600  "C).  Acetic  acid,  acetaldehyde, 
acetonylacetone,  5-hydroxymethylfurfural  (5HMF),  furfural,  propenoic  acid,  and  5- 
methylfurfurai  (5MF)  were  identified  as  liquid  products.  An  unknown  peak  obscured 
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Figure  5.4  Variation  of  Product  Yields  with  Temperature  for  Glucose  Hydrolysis 
at  246  bar.  Experimental  conditions:  (1.02  ±0.02)  molTL  glucose, 

6.1  ±0.3  seconds  reactor  residence  time.  Error  bars  represent  a  95% 
confidence  interval.  From  Holgate  (1993). 
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Figure  5.5  Variiation  of  Product  Yields  with  Temperature  for  Glucose  Oxidation 
at  246  bar.  ExMrimental  conditions:  (0.99±0.02)xl0'^  mol/L  glucose, 
(6.2±0.2)x  mol/L  oxygen,  5.9 ±0.3  seconds  reactor  residence  time. 

Error  bars  rq)resent  a  95%  confidence  interval.  From  Holgate  (1993). 
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acetaldehyde  below  475  °C,  rendering  it  undetectable.  Acetaldehyde  and  SMF  formation 
is  seemingly  favored  at  475  to  550  °C,  but  the  yields  of  all  other  liquid-phase  products 
decrease  with  temperature,  indicating  deteriorating  stability.  Ethane,  methane,  and 
ethylene  yields  increase  with  temperature,  suggesting  these  gases  are  products  of  the 
liquid-phase  intermediates.  Liquid  effluent  pH  ranged  from  3.5  at  425  ®C  to  about  4.75 
at  the  highest  temperature  investigated  (600  °C).  The  more  acidic  values  at  higher 
temperatures  may  be  attributable  to  an  increased  concentration  of  CO2  in  solution 
(carbonic  acid). 

The  complete  oxidation  of  glucose  proceeds  stoichiometrically  as: 

CjAfjjOj  +  60j  -  6COj  +  6f/jO  (5.2) 

As  evidenced  by  the  fast  reaction  rate  of  hydrolysis,  oxidation  will  occur  in  parallel  with 
hydrolysis.  Since  reaction  in  the  absence  of  oxygen  was  fast  and  complete  (S97% 
conversion),  independent  measurement  of  glucose  oxidation  kinetics  was  also  not  possible 
at  temperatures  above  425  °C  in  this  apparatus.  In  fact,  hydrolysis  may  have  occurred 
prior  to  the  mixing  of  the  oxygen  and  glucose  feeds.  Residence  time  in  the  preheater 
tubing  has  been  calculated  to  be  from  14.7  seconds  at  600  ®C  to  11.7  seconds  at  425  ®C 
(Holgate,  1993).  Approximately  4  seconds  of  this  residence  time  is  spent  near  the 
reactor  temperature.  It  is  possible  that  a  significant  amount  of  glucose  no  longer  existed 
in  the  inlet  of  the  reactor  where  oxidation  was  initiated.  Oxidation  results  suggest  that 
even  if  this  is  the  case,  most  hydrolysis  products  are  also  easily  destroyed. 
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Gasification  of  glucose  was  even  more  pronounced  in  the  presence  of  oxygen. 
As  seen  in  Figure  5.3,  Supercritical  water  oxidation  produced  S  times  more  gas  than 
hydrolysis  at  425  *’C,  and  essentially  all  carbon  was  converted  to  gas  at  500  °C  and 
above. 

Product  yields  of  glucose  oxidation  in  supercritical  water  are  presented  in  Figure 
5.5.  Liquid-phase  products  are  reduced  in  quantity  and  distribution  with  oxygen  present, 
with  no  detectable  liquid  products  at  all  present  above  550  "C,  including  the  more 
refractory  acetic  acid  and  furan  derivatives.  At  600  °C,  nearly  complete  oxidation  of 
glucose  to  CO2  and  H2O  is  observed  with  only  minute  amounts  of  hydrogen  and  methane 
present.  Again,  the  huge  carbon  dioxide  peak  in  the  gas  chromatograms  may  obscure 
any  ethylene  that  was  present,  but  with  an  average  carbon-balance  closure  of  103.4  ± 
7.1%,  significant  levels  of  products  other  than  CO2  and  CH4  are  unlikely.  The  presence 
of  methane  is  in  agreement  with  the  relatively  high  stability  of  methane  observed  earlier 
in  our  laboratory  as  reported  by  Webley  and  Tester  (1991). 

The  pH  level  of  oxidation  liquid  effluent  was  also  most  likely  influenced  by  the 
level  of  CO2  dissolved,  ranging  from  4.25  to  4.75  over  the  temperature  range 
investigated. 

To  investigate  the  effect  of  residence  time  on  product  distribution,  a  sequence  of 
experiments  was  conducted  for  stoichiometric  oxidation  at  500  “C  and  246  bar  over 
residence  times  varying  from  approximately  5  to  10  seconds.  These  results,  shown  in 
Figure  5.6,  exhibit  that  for  the  conditions  described,  little  change  in  product  yield  occurs. 
Combined  with  the  effects  of  changing  reactor  residence  time  by  changing  pump  flow 
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rates  is  the  concurrent  changing  of  time  the  reactant  spends  in  the  preheater  tubing. 
According  to  Holgate’s  (1993)  calculations,  at  the  9.9  second  reactor  residence  time 
investigated  at  S(X)  °C,  glucose  also  spends  16  seconds  in  preheater  tubing,  with  about 
3  seconds  of  that  time  near  SOO  °C.  Similarly,  at  the  flow  rate  necessary  to  obtain  a  S.  1 
second  residence  time,  it  takes  9  additional  seconds  to  pass  through  preheater  tubing. 
Of  this  additional  time,  only  about  1  second  is  spent  near  500  ®C  in  the  preheater  tubing. 
The  final  result  is  a  residence  time  at  reaction  temperature  of  6.1  to  12.9  seconds.  Little 
change  in  yield  over  this  time  range  is  somewhat  extraordinary  and  is  in  consonance  with 
observations  by  Antal  et  al.  (1992).  This  small  change  in  yield  suggests  that  the 
disappearance  of  glucose  and  all  other  intermediates  (other  than  those  listed  in  Figure 
5.6)  must  occur  in  the  preheater  and/or  first  5  to  6  seconds  of  the  reactor.  The  identified 
products  are  the  most  resilient  species  derived  from  glucose  oxidation  in  a  supercritical 
water  environment. 

Product  yield  performance  in  Figures  5.4  and  5.5,  combined  with  little  variability 
in  product  yield  demonstrated  in  Figure  5.6  implies  that  glucose  hydrolysis  and  oxidation 
is  fast,  forming  acetic  acid,  acetaldehyde,  acetonylacetone,  and  propenoic  acid  as 
predominant  liquid  intermediates.  These  products  are  further  broken  down  much  more 
slowly  into  light  gases,  to  include  methane  and  ethylene.  These  gases  are  ultimately 
converted  to  carbon  dioxide  and  water. 

Although  this  study  of  the  supercritical  water  hydrolysis  and  oxidation  of  glucose 
was  unable  to  obtain  global  kinetic  data  for  glucose,  the  most  destruction-resistant 
intermediates  were  (perhaps  fortuitously)  identified  -  an  important  and  formidable  result. 
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Additional  investigation  at  lower  temperatures  (T  <  425  "C)  and  shorter  residence  times 
(r  <  4.5  seconds)  would  permit  a  quantitative  kinetic  determination  for  glucose. 
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Chapter  6 

Experimental  Studies  of  Acetic  Acid 
Hydrolysis  and  Oxidation 
in  Supercritical  Water 

6.1  Motivation 

Acetic  acid  has  been  identiHed  as  a  refractory  intermediate  in  the  oxidation  of  more 
complex  organics  (PIoos  van  Amstel  and  Rietema,  1970;  Skaates  et  al.,  1981; 
Tongdhamachart,  1990;  Shanableh,  1991;  Holgate,  1993)  at  and  near  supercritical 
conditions.  Because  of  its  relative  stability,  acetic  acid  may  be  the  destruction-limiting 
species  in  the  path  to  total  oxidation  of  an  organic.  Acetic  acid’s  refractory  nature  has 
led  many  investigators  to  study  its  destruction  via  supercritical  water  oxidation 
(Wightman,  1981;  Lee  and  Gloyna,  1990;  Wilmanns  and  Gloyna,  1990;  Frisch,  1992), 
As  with  previous  studies  on  the  effect  of  SCWO  on  compounds  (e.g.,  glucose,  Section 
5.2),  most  research  has  focused  on  measurements  of  destruction  efficiency  rather  than 
product  identification  and  reaction  kinetics.  Those  investigations  that  have  focused  on 
kinetics  have  been  susceptible  to  less  well  controlled  environmental  conditions  than  those 
achievable  in  our  current  tubular,  isothermal,  isobaric  reactor  system.  In  an  effort  to 
substantiate  and  improve  on  previous  studies,  characterization  of  the  SCWO  of  acetic 
acid  was  undertaken. 

6,2  Literature  Review 

Acetic  acid,  CH3COOH,  has  a  formula  weight  of  60.05  and  is  a  colorless,  pungent  liquid 
at  ambient  conditions  with  a  boiling  point  of  118  °C  and  melting  point  of  16.7  °C.  A 
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moderately  strong  carboxylic  acid,  it  has  an  ionization  constant  of  K,  «=  1.8  x  10'^  at 
25  “C  (Wagner,  IQS"^).  Its  critical  temperature  and  pressure  are  321  ®C  and  57.8  bar 
respectively,  and  it  is  completely  miscible  with  water.  In  a  pure  vapor  phase,  it  exists 
as  both  a  monomer  and  hydrogen-bonded  dimer.  In  the  dimer,  each  OH  group  forms 
a  hydrogen  bond  with  the  carbonyl  oxygen  of  its  partner. 

Gas-phase  studies  of  acetic  acid  are  scarce,  but  some  thermal  decomposition 
studies  of  gaseous  acetic  acid  do  exist.  In  the  temperature  range  770  -  9(X)  "C,  Bamford 
and  Dewar  (1949)  contend  that  pure  acetic  acid  can  undergo  Hrst  order  decomposition 
to  either  ketene  (CH2=C=0)  and  water,  or,  carbon  dioxide  and  methane.  In  their  flow 
system,  decomposition  to  CO2  and  CH4  had  a  first  order  rate  constant 
k  =  10“  °°  exp(-62,000/RT)  sec''  (E,  in  calories). 

Similar  results  were  obtained  for  the  decarboxylation  of  acetic  acid  in  a  static 
system  by  Blake  and  Jackson  (1968),  with  k  =  lO"  '^  exp(-58,500/RT)  sec''  over  the 
range  460  -  585  "C.  Blake  and  Jackson  (1969)  also  investigated  decarboxylation  in  a 
flow  system  over  the  temperature  range  531  -  762  °C  and  found 

k  =  exp(-69,800±700/RT)  sec"'.  All  the  aforementioned  vapor-phase 

reactions  were  under  vacuum  conditions  and  in  a  virtual  absence  of  water  and  oxygen, 
making  extrapolation  to  pyrolysis  in  supercritical  water  speculative,  but  of  value  for 
comparison,  nonetheless. 

Acetic  acid  has  been  specifically  addressed  in  kinetic  studies  of  oxidative 
pathways  of  acids.  Rate  constants  in  the  temperature  range  24  -  172  °C  for  the  reaction 
of  OH  radicals  with  monomer  and  dimer  acetic  acid  have  been  reported  (Singleton  ei  al. , 
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1989).  The  dimer  was  much  less  reactive  than  the  monomer,  indicating  the  OH  interacts 
mainly  with  the  carboxylic  hydrogen  of  the  monomer.  This  supported  similar  findings 
found  by  Jolly  et  al.  (1986). 

Results  from  other  investigations  of  acetic  acid  oxidation  in  supercritical  water  are 
listed  in  Table  6.1.  The  wide  range  of  activation  energies,  pre-exponential  factors,  and 
reaction  orders  among  reported  values  prompted  additional  study.  Even  the  agreement 
between  first-order  reactions  {a  =  1)  seen  in  Table  6.1  is  deceptive,  because  these 
researchers  assumed  first  order  kinetics.  These  results  seem  additionally  precarious 
considering  two  of  the  investigators  (Lee  and  Gloyna,  1990;  Frisch,  1992)  did  their 
studies  with  the  same  apparatus,  yet  attained  markedly  different  results.  Although 
experimental  conditions  were  not  completely  replicated  among  investigators,  global  rate 
law  results  should  be  in  closer  agreement.  None  of  the  studies  reported  product 
distributions,  or  mass  balance  closures  which  may  have  provided  more  mechanistic 
information  and  certainly  would  have  added  credibility  to  their  findings. 

A  closer  analysis  of  the  experimental  conditions  used  by  each  investigator  reveals 
experimental  variables  that  could  account  for  some  of  this  disparity.  For  example, 
Wightman  (1981),  who  pioneered  the  study  of  acetic  acid  oxidation  in  supercritical  water, 
experienced  "considerable  pressure  fluctuations."  The  pulsed  flow  of  his  single  cylinder 
piston  pump  against  the  back  pressure  controller  (a  capillary  tube)  caused  reactor 
pressure  to  be  determined  by  flow  rate.  He  found  this  pressure  gradient  acceptable, 
since,  according  to  him,  "the  reaction  was  independent  of  pressure."  However,  under 
supercritical  conditions,  a  modest  change  in  pressure  can  cause  significant  changes  in 
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Table  6.1  Global  Kinetic  Expressions  for  Supercritical  Water  Oxidation 

of  Acetic  Acid.  Confidence  intervals  are  95%  where  shown. 


d  (CHjCOOHl/df  =  -A  exp(-£^  /  RT)  [CH3COOH]"  [OJ* 


Units: 

kJ,  mol,  L,  s 

Source 

log  A 

Ea 

a 

b 

CooditioDS 

Lee  and 

Gloyna  (1990) 

11.5 

±11.5 

180 

±15 

1.01 

±.09 

*0.16 

±.08 

225-310  atm.  415-525'>C 
•H2O2  oxidant 
flow  reactor 

Lee  et  al  (1990) 

4.91 

106 

1 

0 

400-500<^ 
batch  reactor 

Frisch  (1992) 

9.73 

±77? 

165 

±37 

1 

0 

p  =  0.3  gm/cm^ 
380-470^ 
same  batch  reactor 
as  Lee  et  al. 

Wilmanns  &  Gloyna 
(1990) 

5.95 

±5.72 

314 

±62 

2.36 

±0.48 

*1.04 

±0.35 

272  bar,  400-510^ 
*H202  oxidant 

Wightman  (1981) 

18.0 

231 

1 

1 

400-445  bar 
338-445°C 

Present  Study 

9.9 

±1.7 

168 

±21 

0.72 

±0.15 

0.27 

±0.15 

246  bar,  425-600°C 
isothermal,  plug-flow 
reactor 
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water  density  and  subsequently,  concentrations  (Webley  and  Tester,  1989, 1990;  Holgate, 
1993),  that  do  influence  extent  of  reaction.  Gas  samples  were  not  collected  in 
Wightman’s  experiments,  and  standardized  sodium  hydroxide  and  nitrogen  stripping  were 
used  to  determine  acetic  acid  concentration  in  the  liquid  effluent.  His  methods  are 
potentially  less  accurate  than  current  technology  using  high  performance  liquid 
chromatography  (HPLC).  Wightman  used  excess  oxygen,  assumed  oxidation  was  first 
order  in  both  organic  and  oxygen,  and  fitted  data  by  linear  regression  to  an  Arrhenius 
rate  equation.  Only  seven  data  points  were  used  in  his  regression. 

Wilmanns  and  Gloyna  (1990)  developed  four  possible  models  to  explain  acetic 
acid  oxidation  in  SCW  using  hydrogen  peroxide  as  the  oxidant;  the  best  fit  model  is 
shown  in  Table  6,1.  In  their  flow  reactor  study,  H2O2  was  mixed  with  the  acid  before 
the  solution  was  pumped  in  to  the  reactor;  up  to  70%  of  the  acetic  acid  was  destroyed 
during  preheating.  Accurate  inlet  concentrations  during  oxidation  runs  could  not  be 
measured  due  to  hydrogen  peroxide  back-flow  in  the  reactor.  Total  organic  carbon 
analyses  were  conducted  on  a  few  of  the  runs,  but  none  of  these  results  were  presented. 

Lee  and  Gloyna  (1990)  used  hydrogen  peroxide  to  attain  excess  oxygen  conditions 
in  a  plug  flow  (assumed)  reactor.  Unfortunately,  their  results  are  clouded  by  their  use 
of  ammonium  acetate  rather  than  acetic  acid  as  the  feed.  No  conversion  of  acetic  acid 
was  observed  in  limited  pyrolysis  studies  (contrary  to  our  findings).  A  gaseous  effluent 
product  was  not  collected  nor  analyzed  and  hence  no  material  balances  were  presented. 
Gaseous  flow  was  reported  to  be  negligible  (0.1  ml/min.),  yet  150  -  300%  of  the 
stoichiometric  demand  of  hydrogen  peroxide  was  used  to  oxidize  0.018  to  0.044  molar 
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concentrations  of  ammonium  acetate.  Even  in  the  absence  of  reaction,  oxygen  flow 
should  have  been  measurable. 

Lee  again  investigated  SCWO  of  acetic  acid,  this  time  with  a  batch  reactor  (Lee 
et  al.,  1990),  subsequently  used  by  Frisch  (1992).  In  Frisch’s  experimental  data, 
temperatures  varied  widely,  ±10  "C  and  greater.  Because  the  reaction  rate  is 
exponentially  temperature  dependent  and  no  attempt  was  made  to  correct  for  gradients, 
large  errors  were  introduced.  Additionally,  the  heatup  time  is  a  significant  fraction  of 
the  total  reaction  time  (17  -  83%)  and  oxygen  and  organic  are  mixed  prior  to  heatup. 
Four  stainless  steel  balls  placed  in  the  reactor  and  shaken  in  an  effort  to  enhance  mixing 
may  well  have  influenced  reaction  rate.  Again,  only  liquid  effluent  was  analyzed,  after 
release  of  gases  and  filtering.  No  measured  or  calculated  reactor  pressures  are  given, 
only  that  "the  reaction  density  remained  constant  at  0.3  g/cm^  and  the  pressure  fluctuated 
proportionally  with  temperature."  In  making  comparisons  of  this  type,  one  must  keep  in 
mind  the  possibility  that  the  reactor  material,  itself,  may  have  catalyzed  reactions  to  some 
extent,  while  different  inner  surface  area  to  volume  ratios  may  have  also  biased  results. 

Graphical  comparison  of  previous  investigator  results  with  this  study  are  shown 
in  Figure  6. 1 .  Data  of  each  investigator  was  plotted  assuming  a  reaction  rate  first-order 
in  acetic  acid  and  zero-order  with  respect  to  oxygen  and  water  over  the  respective 
ranges  of  temperatures  investigated.  Data  from  Rice  (1993)  are  preliminary,  non- 
published  results  from  experiments  recently  conducted  at  Sandia  National  Laboratory. 
The  stacking  of  data  points  at  525  ®C  for  this  study  was  omitted  for  clarity,  but  discussed 
in  detail  later  in  this  chapter. 
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Figure  6.1  Comparison  of  First-Order  Arrehnius  Plots  for  Oxidation  of  Acetic 
Acid  in  Supercritical  Water.  Data  poLnts  shown  are  from  this  present 
study.  Error  bars  represent  95  %  confidence  intervals. 
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<S.3  Experimental  Results 

Forty-five  oxidation  and  ten  hydrolysis  experiments  were  conducted  in  supercritical 
water.  Eleven  additional  oxidation  experiments  were  performed  to  examine 
pressure/density  effects  on  the  rate  of  reaction  and  product  distribution.  The  forty-five 
oxidation  runs  were  conducted  at  a  constant  pressure  of  246  bar  to  provide  a  comparable 
database  to  previous  kinetic  experiments  in  our  laboratory  (Helling  and  Tester,  1987, 
1988;  Webley  and  Tester,  1991;  Webley  et  al,  1990,  1991;  Holgate,  1993)  The 
specified  pressure  is  typical  of  proposed  operatiiig  pressures  in  the  SCWO  process 
(Tester  et  al. ,  1993).  Temperatures  ranged  from  425  -  600  “C,  although  23  of  the 
experiments  were  carried  out  at  525  “C  to  study  concentration  and  residence  time  effects. 
Reactor  residence  times  spanned  4.4  to  9.8  seconds.  Initial  concentrations  of  acetic  acid 
in  the  reactor  were  from  9.8x10^*  mol/cm^  to  2.02X10^  mol/cm^,  while  inlet  oxygen 
concentrations  varied  between  1.91x10'*  (hydrolysis)  and  3.95x10"®  mol/cm^.  These 
concentrations  resulted  in  inlet  molar  oxygen-to-acetic  acid  ratios  from  0.020  to  11.02 
(stoichiometric  oxidation  is  2.00);  the  experiments  included  both  fuel-lean  and  fuel-rich 
conditions.  Conversions  ranged  from  7.89  ±  3.71%  to  100%  complete  (within 
analytical  detection  limits)  acetic  acid  destruction. 

Treatment  of  experimental  error  was  as  discussed  in  Section  4.4.  All  intervals 
and  error  bars  presented  are  at  a  95%  level  of  confidence. 

As  a  test  of  calibration  drift  over  the  course  of  experiments,  two  different  samples 
of  liquid  effluent  were  reinjected  into  the  HPLC  approximately  one  and  three  months 
after  their  initial  analysis,  respectively.  Re-analysis  of  the  three-month-old  sample  gave 
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an  acetic  acid  concentration  about  1.6%  (0.15  millimole)  lower  dian  the  first  analysis. 
The  one-month-old  sample  was  2.2%  lower  than  its  initial  evaluation.  These  samples 
had  been  sitting  in  amber  glass  bottles  in  a  refrigerator  held  at  ~6  **0.  Although 
decomposition  of  the  stored  acetic  acid  seemed  unlikely,  the  possibility  could  not  be  ruled 
out  and  the  measured  decrease  was  taken  as  the  combined  effects  of  decomposition 
during  storage  and  instrument  calibration  drift.  As  a  result,  it  was  assumed  the  acetic 
acid  concentration  measurements  were  ±  1  %  of  the  true  concentration.  As  a  further  test 
of  calculation  sensitivity  to  acetic  acid  concentration,  recalculation  of  random  experiments 
was  done  using  an  acetic  acid  concentration  confidence  of  ±5%.  In  all  recomputed 
analysis,  calculated  results  (i.e..  In  k,  conversion,  carbon  balances)  were  still  within  the 
window  of  propagated  error  of  the  initial  calculations  that  used  an  acetic  acid 
concentration  accuracy  of  ±1%.  Hence,  all  experimental  results  were  used  in  the 
regressions. 

In  some  experiments,  the  measured  liquid  effluent  flow  rate  deviated  from  the 
expected  (calibrated)  flow.  This  may  have  been  caused  by  the  oxygen  pressure  supplying 
the  oxygen-side  feed  pump,  gradual  wear  of  pump  seals  and  check  valves,  or  imprecise 
back  pressure.  In  most  cases,  this  deviation  was  ±2%  of  the  expected  flow,  and  never 
greater  than  10%.  Still,  this  change  in  flow  rate  (and  feed  concentrations)  was  corrected 
for  by  assuming  both  oxygen  and  organic  pump  flow  rates  deviated  equally  from  their 
expected  values.  With  the  deviation  proportioned  between  the  organic  and  oxygen  pump 
flow  rates,  inlet  concentrations  were  recalculated  based  on  these  •corrected"  feed  rates. 
This  effect,  as  well  as  our  ability  to  mix  the  organic  (acetic  acid)  feed  solution  to  about 
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±5%  of  the  desired  concentration,  caused  the  reactor  inlet  concentrations  (and 
02:CH3C00H  feed  ratios)  to  vary  from  the  target  values.  For  example,  experiments 
#287  -  292  resulted  in  an  average  02:CH3C(X)H  feed  ratio  of  3.90±.05  to  2.02 ±.02 
rather  than  the  targeted  4  to  2  stoichiometric  ratio  sought. 

No  spurious  peaks  were  seen  in  the  gas  analysis  chromatograms,  so  it  was 
assumed  that  the  gas  phase  was  well-characterized  by  the  identified  products.  Typically, 
twelve  gas  samples  were  analyzed  during  each  experiment  -  six  using  a  nitrogen  carrier 
gas  and  six  using  a  helium  carrier  (see  Section  4.2). 

Identifiable  liquid  effluent  analyzed  via  liquid  chromatography  (see  Sections  4.2, 
5.3)  with  UV  detection  at  210  nm  (2100A)  consisted  of  acetic  acid  and  occasional 
propenoic  acid  ( in  concentrations  of  order  lO’^  molar).  Other  reproducible  oxidation 
peaks  eluted  at  retention  times  of  approximately  5.0  and  17.7  minutes.  Since  these 
species  could  not  be  identifled  among  the  compounds  listed  in  Table  5.1,  additional 
suspected  compounds  were  tested.  These  are  shown  in  Table  6.2.  Unfortunately,  none 
of  these  eluted  at  retention  times  of  5.0  or  17.7  minutes.  No  absorbance  peaks  were 
observed  at  290  nm  in  initial  oxidation  experiments,  so  evaluation  at  this  wavelength  was 
not  continued.  Even  without  identification  of  unresolved  peaks,  carbon  balance  closures 
for  oxidation  were  reasonably  good,  particularly  at  the  higher  temperatures  (90+% 
carbon  accounted  for  in  all  but  3  runs  above  500  ®C)  where  greater  gasification,  a 
disappearance  in  the  5.0  minute  peak,  and  a  reduction  in  the  17.7  minute  peak  occurred. 

Experimental  conditions  and  results  are  tabulated  in  the  Appendix  (Tables  10. 1 
through  10.4).  Table  10.3  is  a  regrouping  of  all  the  runs  in  Table  10.2  conducted  at 
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Table  6.2  Compounds  Tested  as  Possible  Liquid-Phase  IVoducts.  Absorbance 
at  210  nm. 


Compound 

Formula 

Retention  Time  (minutes) 

Adipic  Acid 

H00C(CH2)4C00H 

13.3 

N-Butanol 

CH3(CH2)30H 

29.3 

Butyric  Acid 

CH3(CH2)2C00H 

18.5 

3,3  Dimethylacrylic  Acid 

(CH3)2CCHCCX)H 

27.4 

Ethanol 

CH3CH20H 

18.2 

Ethylacetate 

CH3CCX)CH2CH3 

13.6,  15.8 

Ethylene  Glycol 

HOCH2CH20H 

15.1,  15.6 

Ethylmethacrylate 

H2C2(CH3)C02C2H5 

47.8 

Fumaric  Acid 

tmnr-HOOC(CH)2COOH 

10.1,  11.0 

Glutaric  Acid 

H00C(CH2)3C00H 

10.6,  11.5 

Isopropyl  Alcohol 

(CH3)2CH0H 

19.9 

Maleic  Acid 

cw-HOOC(CH)2COOH 

4.8,  5.8 

Methanol 

CH30H 

16.1 

N-Propyl  Alcohol 

CH3(CH2)20H 

21.7 
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525  °C  and  stoichiometric  feed  ratios.  It  contains  more  detailed  information  for  certain 
experiments  listed  in  Table  10.2,  but  does  not  contain  any  new  or  different  experiments. 

A  limited  number  of  hydrolysis  experiments  were  conducted  at  a  reactor  residence 
time  of  8  seconds,  a  pressure  of  246  bar,  with  reactor  inlet  concentrations  of 
approximately  0.001  molar  acetic  over  a  temperature  range  of  475  -  600  “C. 
Conversions  ranged  from  5.86±3.45 %  to  35. 15  ±2.69 %  with  95  %  confidence  intervalsas 
shown.  UV  absorbance  of  the  liquid  effluent  at  210  nm  gave  propenoic  acid  as  a 
consistent  product  and  another  unidentified  peak  with  a  retention  time  of  about  18.4 
minutes  (less  consistently). 

Conversion  of  acetic  acid  in  the  preheater  was  considered  negligible  and  not  included 
in  our  calculations.  Since  a  hydrolysis  run  at  525  ®C  and  8  seconds  residence  time  yielded 
only  13%  conversion,  it  was  assumed  that  the  shorter  residence  times  in  the  preheater  and 
lower  temperatures  produced  little  conversion. 

6.4  Derivation  of  Global  Rate  Expression 

Justification  in  assuming  this  apparatus  acts  as  an  isothermal  plug-flow  reactor  has  been 
provided  by  Webley  (1989)  and  Holgate  (1993).  Based  on  their  analysis,  we  estimate  that 
plug-flow  like  conditions  existed  over  our  entire  operating  regime.  Thus,  the  kinetics  should 
obey  the  isothermal  plug-flow  design  equation: 


T  _  f 


(6.1) 


V 
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where:  Xj  =  conversion  of  reactant 

=  rate  of  reaction  for  reactant  i 
Cio  —  initial  concentration  of  reactant 
r  =  reactor  residence  time 

Because  water  is  in  vast  excess  (mole  fr^tion  >  0.999)  any  change  in  volume  due  to 
reaction  stoichiometry  will  have  little  effect  on  overall  density.  Since  negligible  pressure 
drop  was  measured  through  the  reactor  (typically  ±70  psig  with  a  system  pressure  of  3550 
psig,  or  246±6  bar)  as  well  as  negligible  temperature  variation,  the  constant  water  density 
assumption  appears  valid.  We  thereby  assume  that  the  volumetric  flow  through  the  reactor 
is  also  constant,  such  that  the  reactor  residence  time  only  depends  on  reactor  volume, 
supercritical  water  density,  and  the  water  mass  flow  rate. 

The  reaction  rate  in  Equation  6.1  is  assumed  to  be  in  the  form  of  a  global  rate 
expression, 

XcifOO^  ■  *  lCH,COOH]‘  [OJ‘  (6.2) 

with  the  rate  constant  k  in  the  Arrhenius  form 

k-AexpiEJRT)  (6.3) 

Because  water  is  present  in  such  excess,  its  concentration  was  assumed  virttaJly  constant 
and  thus  not  included  in  the  rate  form.  Water’s  density  (concentration)  is  strongly 
temperature  dependent,  but  variations  in  temperature  are  likely  to  effect  oxidation  rate  by 
changing  k  through  the  Arrhenius  equation  much  more  than  changing  water  concentration. 


/  .  f 
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Substituting  Equation  6.2  and  6.3  into  6.1,  and  applying  stoichiometry  for  total 


oxidation  of  acetic  acid: 


CH3COOH  +  2O2  -*  2CO2  +  2H2O 


the  following  isothermal,  plug-flow  equation  is  derived: 


[CH,COOH]o*^'  =  f  - — - : 

’  {  (1-X)^  (F-2X)* 

[  CHjCOOH]^—  initial  concentration  at  reactor  inlet 
F  =  [  /[CHaCOOH]^ 


X  =  acetic  acid  conversion 
while  r  and  A:  are  as  previously  defined. 

A  nonlinear  multivariable  regression  program  employing  a  modified  Marquardt 
method  (Press  et  al. ,  1986)  was  used  to  obtain  best-fit  values  of  the  rate  parameters  A,E,, 
a,  and  b.  With  temperature  as  the  predicted  variable  (see  Chapter  10),  the  best  fit 
expression  is 


^CBfiooa 


lO’’**"'  exp(  (6.5) 

RT 


Units  for  the  rate  is  mole/cm^  s'*,  concentration  is  in  mol/cm^,  and  activation  energy  is  in 
kJ/mol.  All  parameter  uncertainties  are  at  the  95%  confidence  interval  and  were  determined 
by  an  ANOVA  routine  (Press  et  al. ,  1986).  This  nonlinear  regression  gives  a  significance 
level  of  100%,  with  an  F-statistic  of  110  and  a  0.85  R-squared  value  (adjusted  for  degrees 


I  ■ '  _  j 
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of  freedom). 

Previous  investigators  have  assumed  reaction  orders  of  1.0  with  respect  to  acetic  acid 
and  zero  with  respect  to  oxygen.  With  such  an  overall  first-order  assumption,  Equation  6.1 

reduces  to: 

*  »  -In  (l-X)/t  (6.6) 

and  the  first-order  rate  expression  regressed  from  our  data  is: 

«P(^^)  ICHfOOH]  (6.7) 


with  parameter  95%  confidence  intervals  shown.  Although  there  is  significant  error 
associated  with  the  exact  value  of  the  order  with  respect  to  oxygen,  Equation  6.5  implies  it 
is  still  non-zero  at  a  confidence  level  exceeding  99%.  This  fractional  order  dependence  on 
O2  is  similar  to  the  fractional  order  HjOj  dependence  reported  by  Lee  and  Gloyna  (1990) 
for  acetic  acid  oxidation  in  supercritical  water. 

Figure  6.2  shows  the  Arrhenius  plot  obtained  from  the  entire  data  reported  in  Tables 
10.2  and  10.3  of  the  Appendix  (Section  10).  Again,  error  bars  represent  a  95%  confidence 
interval.  The  straight  line  shown  represents  a  linear  regression  -  the  behavior  expected  if 
the  rate  were  strictly  first-order  in  acetic  acid  and  zero-order  in  Oj.  The  fact  that  previous 
investigators  have  assumed  first-order  reaction  with  respect  to  acetic  acid  and  attained 
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relatively  good  fit  is  not  entirely  surprising.  The  data  closely  approximate  Hrst-order 
b^vior  consistent  with  previous  studies  in  our  own  laboratory  of  other  model  compounds 
such  as  CH4,  CH3OH,  and  H2  (Helling  and  Tester,  1987;  Webley  and  Tester,  1989; 
Holgate,  1993),  where  we  have  observed  global  kinetics  independent  of  oxygen  and  first- 
<»der  in  the  organic.  Still,  the  experimental  data  presented  deviate  from  first-order  behavior 
(0.72  in  acetic  acid,  0.27  in  oxygen),  in  accordance  with  the  rate  expression  obtained  from 
nonlinear  regression  (Equation  6.S). 

The  two  data  points  in  Figure  6.2  at  both  550  “C  and  575  ®C  give  some  indication 
of  our  ability  to  reproduce  experimental  conditions  and  results.  Data  points  at  each 
temperature  were  obtained  about  2'A  months  apart,  with  the  lower  In  k  values  attained  in  the 
most  recent  experimental  runs. 

Two  other  characteristics  of  the  Arrhenius  plot  are  particularly  noteworthy.  The 
three  data  points  at  reactor  temperatures  of  450  *C  and  below  show  a  leveling  off,  as  well 
as  a  general  increase  in  the  size  of  the  error  ban.  This  is  a  result  of  the  relatively  low 
conversion  (<  1096)  of  acetic  acid  under  the  stated  experimental  conditions.  As  discussod 
in  Section  10.1,  a  small  error  in  convenion  at  low  conveniens  (<20%)  can  lead  to  much 
larger  propagated  error  than  an  equal  experimental  enor  at  higher  convenions  (>70%). 
For  example,  an  error  of  ±2%  at  a  convenion  of  80%  gives  an  error  of  about  6%  in  the 
observed  rate  constant  k.  However,  a  ±2%  error  in  conversion  at  5%  conversion 
propagates  into  an  error  of  over  40%  in  *! 


The  other  noteworthy  observance  occun  in  the  "stacking*  of  data  points  at 
525  ®C.  This  data  set  represents  an  isothermal  study  of  the  effect  of  residence  time  on 
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Figure  6^  Assumed  First-Order  Arrhenius  Plot  for  Acetic  Acid  Oxidation  in 
Supercritical  Water  at  246  bar.  Linear  least  squares  fit  is  shown, 
corresponding  to  Equation  6.7. 
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oxidation  kinetics.  Since  approximately  50%  conversion  was  attained  at  stoichiometric 
feed  reactor  conditions  of  525  **€,  246  bar  and  residence  time  of  8  seconds,  we  decided 
to  study  OMicentration,  residence  time  and  pressure  effects  about  this  r^on,  because  it 
would  allow  for  maximum  changes  in  conversion  both  above  and  below  the 
stoichiometric  condition.  Twenty-three  experimental  runs  were  conducted  at 
stoichiometric  ratio  of  organic  feed  to  oxygen,  but  with  varying  concentrations.  Six 
experiments  were  conducted  at  an  initial  feed  ratio  of  4  millimolar  of  oxygen  to  2 
millimolar  acetic  acid  (4:2);  six  experiments  at  3:1.5;  seven  runs  at  2:1;  and  four  runs 
at  1:0.5.  If  the  data  followed  a  first-order  rate  expression  exactly,  all  data  at  one 
temperature  would  be  represented  by  a  single  point.  The  scatter  of  these  points  is  clearly 
not  due  to  experimental  error  alone,  but  is  likely  due  to  an  identified  induction  time  and 
other  possible  non-first-order  concentration  effects  (described  in  more  detail  later  in 
Section  6.5). 

As  shown  in  Table  6.1  and  Figure  6.1,  our  results  are  comparable  with  other 
investigators  who  performed  similar  experiments  over  somewhat  different  experimental 
conditions.  Results  from  this  study  are  in  closest  agreement  to  results  achieved  by  Lee 
and  Gloyna  (1990)  in  a  flow  reactor  using  hydrogen  peroxide  as  the  oxidant . 

The  regressed  global  rate  expression  given  in  Equation  6.5  replicates  the 


I 
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experimental  data  well.  It  indicates  that  acetic  ack)  oxidation  does  show  a  fractional- 
order  dependence  on  oxygen.  The  expression  should  be  regarded  as  a  simplified 
representation  for  correlating  the  experimental  data. 
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6^  Apparent  Induction  Times  and  Acetic  Acid  Decay  Profiles 
Four  sets  of  experiments  were  conducted  at  a  stoichiometric  feed  ratio  at  525  °C  and  246 
bar.  Two  other  sets  of  experiments  were  conducted  to  help  verily  global  reaction  order 
with  respect  to  oxygen.  These  sets  of  runs  were  conducted  at  oxygen  to  acetic  acid  feed 
ratios  of  4:1  (oxygen-rich)  and  1:1  (oxygen-lean).  All  six  sets  of  experiments  were 
conducted  at  a  pressure  of  246±7  bar  and  525±2  **C.  These  conditions  were  chosen  to 
give  a  wide  range  of  both  residence  time  and  convenion,  as  constrained  by  our 
apparatus. 

Figure  6.3  displays  acetic  acid  decay  profiles  as  a  function  of  residence  time  for 
the  four  stoichiometric  feed  mixtures.  Acetic  acid  concentration  has  been  normalized  by 
the  initial  acetic  acid  concentration  ([CH3CCX)HU.  The  curves  shown  are  exponential 
fits  to  each  data  set  w/rh  the  initial  concentration  ((CH3CCX)H]/[CH3C(X)H]o*l) 
omitted.  Acetic  acid  appears  to  follow  an  exponential  decay  characteristic  of  a  first-order 
reaction.  This  seems  to  hold  for  all  four  oxidation  runs  at  stoichiometric  feed  conditions. 
This  observed  exponential  decay  suggests  that  the  reaction  is  indeed  first-order  with 
respect  to  acetic  acid  and  that  the  linear  regressed  global  rate  expression  (Equation  6.7) 
may  be  preferred  over  the  non-linearly  regressed  rate  expression  (Equation  6.5). 
However,  as  expounded  by  Holgate  (1993),  exponential  decay  is  not  unique  to  first-order 
reactions. 

The  exponentially  regressed  decay  curves  should  extrapolate  back  to  the  initial 
acetic  acid  concentration  (or  (CH3COOH]/(CH3CC)OH],  ■  1)  at  time  r  *  0.  This  does 
not  occur  in  the  curve  fits  depicted.  Rather,  the  exponential  decay  curves  predict  the 
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Figure  ti.3  Normalized  Decay  Profiles  for  Stoichiometric  Oxidation  of  Acetic  Acid 

in  Supercritical  Water,  Showing  Induction  Hmes.  Curves  are 
nponendal  fits  to  data  points. 
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initial  concentration  at  time  /  •*  1  to  2  seconds.  This  delayed  ignition  of  the  reaction  is 
known  as  an  "induction  time."  Again,  all  data  sets  exhibit  induction  times.  Derived 
decay  constants  and  induction  times  are  shown  in  Table  6.3.  Intervals  shown  are  95% 
confidence  intervals  and  were  determined  using  a  modified  Monte  Carlo  technique  (Press 
et  al.,  1986)  described  in  Section  4.4. 

Another  form  of  Figure  6.3  may  show  more  clearly  the  exponential  decay  as  well 
as  the  extrapolation  to  time  /  =  0.  For  each  data  set,  a  kinetic  rate  constant  can  be 
defined: 


JL  ^ 

C,  dt 


dinC, 

dt 


(6.8) 


where  is  the  concentration  of  species  i  (acetic  acid,  for  our  purposes).  For  non¬ 
exponential  decay,  k'  is  a  function  of  time.  For  first-order  decays,  k'  is  single-valued 
and  is  equal  to  the  exponential  decay  constant.  The  Figure  6.3  data  are  replolted  in 
Figure  6.4  using  a  logarithmic  ordinate,  in  (C^  /  ),  to  linearize  the  decays.  Again, 

all  data  sets  exhibit  exponential  decay  and  extrapolation  to 
In  (ICH3C(X)H]/[CH3C00H]J  =  0  results  in  estimates  of  induction  times.  Note  that 
the  three  lower  concentration  data  sets  appear  to  have  the  same  decay  constant  and  have 
slopes  within  regression  error  (the  1:0.5  and  2:1  feeds  are  almost  indistinguishable),  but 
the  highest  feed  concentration  (4:2)  has  a  decay  constant  {k‘ )  that  is  statistically 
different.  The  induction  time  seems  to  decrease  slightly  with  increasing  feed 
concentrations,  but  increases  for  the  most  concentrated  feed.  However,  there  is  large 
error  associated  with  induction  time  and  a  conclusive  analysis  cannot  be  made. 
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Tabte  6^  Apparent  Induction  Times  and  Decay  Constants  for  Acetic  Acid 
Oxidation  at  246  bar  and  525±2  *C.  95%  confidence  intervals  are 
presented. 


Initial  Conditions 
(10r3  mol/L) 

k' 

(sec*‘) 

(sec) 

Average  Feed  Ratio 
[02]:(CH3C00H] 

[Ojl,  =  1.09±.02 

[CHjCOOHlo  =  0.50±.01 

.12±.01 

1.5±.6 

2.19±.04 

[OJo  =  1.09±.02 

[CHjCOOH],  =  0.98±.01 

.09±.01 

1.1±.6 

l.il±.02 

=  2.08±.04 
[CHjCOOH],  =  0.98±.01 

.12±.01 

1.7±.5 

2.13±.05 

[OJo  =  3. 15  ±.04 

[CH3COOH],  =  1.44±.02 

,14±.02 

0.8±.7 

2.19±.04 

[Ojlo  =  3.86±.04 

[CH3COOH],  =  0.99±.01 

.17±.01 

1.2±.4 

3.91  ±.06 

[OJo  =  3.90±.05 

[CH3COOH],  =  2.02  ±.02 

.17±.02 

1.3±.6 

1.93  ±.02 
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Fisure  (S.4  Normalized  Decay  Profiles  for  Stoichiometric  Oxidation  of  Acetic  Acid 

in  Supercritical  Water  at  525  '’C  and  246  bar.  Showing  Induction 
Times.  Condidons  as  in  Figure  6.3,  but  concentradon  ordinate  is  on  a 
logarithmic  scale.  Lines  are  linear  fits  to  data,  indicating  exponendal 
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One  other  observation  is  worth  mention  and  almost  indisputable.  A  definitive 
trend  observed  is  that  as  acetic  acid  and  oxygen  concentrations  are  stoichiometrically 
increased,  overall  conversion  is  increased.  Hus  can  be  seen  by  comparing  data  in  Figure 
6.3  at  a  specific  residence  time.  In  general,  the  more  concentrated  mixtures  have  the 
lower  [CH3COOH]/[CH3COOH]o  ratios,  which  translates  into  higher  conversions 
(Y  =  1  -  {[CH3COOH]/[CH3COOH]o}).  This  aspect  runs  counter  to  results  found  by 
Holgate  (1993)  in  similar  studies  of  hydrogen  oxidation  in  supercritical  water,  where 
conversions  decreased  with  increasing  stoichiometric  concentrations. 

The  presence  of  an  induction  time  is  indicative  of  a  complex  reaction  mechanism 
and  severely  interferes  with  modeling  of  global  reactions.  The  rate  form  of  Equation  6.2 
assumes  the  reaction  is  initiated  at  /  =  0.  Experimental  evidence  suggests  that  the 
reaction  does  not  begin  until  t  •>  1  to  2  seconds  for  acetic  acid  oxidation  in  supercritical 
water,  and  that  induction  time  itself  may  be  a  function  of  other  experimentally-controlled 
variables.  Ignition  delay  results  in  differing  k  (rate  constant)  values.  The  regressed  rate 
form  cannot  replicate  this  behavior,  and  the  induction  time  effect  is  subsumed  in  the  rate 
equation.  The  scatter  in  In  seen  at  S2S  "C  in  Figure  6.2  can  be  attributed  to  the 
variation  in  k  due  to  the  induction  time.  SimUarly,  the  regressed  expression  found  in 
Equation  6.5  (or  any  other  regression  of  similar  form)  is  less  accurate  due  to  this 
anomaly. 

Another  confounding  effect  regarding  induction  time  is  the  inability  to  measure 
ignition  delay  in  our  plug-flow  reactor.  Whereas  mixing  times  are  extremely  short 
(Holgate,  1993)  relative  to  reactor  residence  times  (which  are  relatively  well  defined), 
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the  mere  presence  of  a  mixing  zone  undoubtedly  affects  induction  times.  Ignition  can 
also  be  significantly  effected  by  minor  concentration  variations  durii%  mixing  (Yetter  et 
al.,  1985). 

Two  additional  series  of  experiments  were  conducted  to  better  characterize  the 
reaction  order  with  respect  to  oxygen.  Sevoi  experiments  were  conducted  in  which  the 
initial  oxygen  concentration  was  twice  that  required  for  complete  oxidation  of  acetic  acid 
to  CO2  (oxygen  to  acetic  acid  ratio  of  4:1).  Similarly,  seven  runs  were  conducted  in 
which  the  initial  oxygen  concentration  was  one-half  the  stoichiometric  requirement  (1:1). 
Although  oxygen-lean,  these  experiments  were  never  oxygen-limited  in  that  conversion 
of  acetic  acid  at  the  longest  residence  time  was  only  55  % .  Results  of  these  investigations 
are  plotted  in  Figure  6.5,  along  with  an  analogous  series  of  experiments  conducted  at 
stoichiometric  feed  (2:1),  originally  shown  in  Figures  6.3  and  6.4.  The  acetic  acid 
profiles  are  normalized  with  respect  to  initial  concentrations  and  the  curve  fits  are 
exponential.  Figure  6.6  linearizes  normalized  profiles  logarithmically  and  shows  straight- 
line  fits  to  the  data.  In  addition  to  the  excellent  straight-line  behavior,  both  figures  show 
the  presence  of  an  apparent  induction  time.  Also  note  that  eadi  profile  exhibits  a 
somewhat  different  decay  rate.  Kinetic  decay  constants  and  induction  times  from  the 
acetic  acid  profiles  for  the  data  sets  are  summarized  in  Table  6.2.  The  decay  constant 
under  fuel-rich  (1:1)  conditions  decreases  relative  to  that  under  stoichiometric  conditions. 
The  fuel-rich  induction  time  may  be  somewhat  shorter,  but  still  subject  to  considerable 
error,  and  approximately  1  to  2  seconds.  The  oxygen-rich  profile  depicts  a 
correspondingly  higher  decay  constant  relative  to  stoichiometric  feed.  If  the  global 
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Figure  6.5  Normalized  Decay  Profiles  for  Oxidation  of  Acetic  Acid  in 
Supercritical  Water  at  525  **C  and  246  bar,  Showing  Induction  Times. 
Curves  are  exponential  fits.  Error  bars  represent  95%  confidence 
intervals. 
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Figure  6.6  Normalized  Decay  ProfQes  for  Oxidation  of  Acetic  Acid  in 
Supercritical  Water  at  525  and  246  bar,  Showing  Induction  Times. 

G)nditions  as  in  Figure  6.5,  but  concentration  ordinate  is  on  a  logarithmic 
scale.  Lines  are  linear  fits  to  data,  suggesting  exponential  decay.  Error 
bars  r^resent  95%  confidence  intervals. 
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reaction  rate  is  independent  of  oxygen  concentration,  the  decay  constant  should  be  the 
same  since  the  inlet  organic  concentrations,  temperature,  pressure,  and  residence  times 
were  essentially  the  same  for  comparable  experiments  in  the  same  reactor  system.  The 
difference  in  profiles  can  only  be  explained  by  some  level  of  oxygen  dependence.  These 
profiles  substantiate  the  oxygen  dependence  of  acetic  acid  destruction  in  accordance  with 
Equation  6.5.  Oxygen-rich  (fiiei-lean)  induction  time  is  still  around  2  seconds, 
suggesting  that  ignition  time  may  be  independent  of  UiC  oxygen  to  acetic  acid  feed  ratio. 
This  is  in  agreement  with  similar  work  conducted  by  Holgate  (1993)  involving  oxidation 
of  carbon  mcnoxide  in  supercritical  water. 

6.6  Initial  Conditions  Effects  on  Products 
Four  sets  of  experiments  were  conducted  at  nomin-;  iy  stoichiometric  concentrations  at 
525  *’C  and  246  bar.  Plots  of  feed  and  identif.able  product  concentrations  with 
respect  to  reactor  residence  time  are  plotted  in  Figures  6.7  through  Figure  6.10. 
Numerical  data  are  given  in  Table  10.3  of  the  Appendix. 

Figure  6.7  shows  the  major  species  profiles  of  runs,  conducted  at  525  ®C,  246 
bar,  with  nominally  stoichiometric  feed  concentration  of  Oj  and  acetic  acid  (2.08  x  10^ 
mole/cm^  and  0.98  x  10^  mol/cm^  respectively).  Again,  the  acetic  acid  and  oxygen 
profiles  are  well  fit  by  exponential  decay  (curve  not  shown).  Although  not  recognizable 
with  the  portrayed  scaling,  extrapolation  of  an  exponential  curve  to  time  t  ■>  0  seconds 
results  in  an  ordinate  intercept  slightly  above  Ae  initial  concentrations  indicated.  This 
can  be  attributed  to  the  induction  time  di,scussed  (and  more  visually  evident)  in  Section 
6.5.  Carbon  monoxide  and  methane  exhibit  a  small  net  increase  in  concentration  while 
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Figure  6.8  M^or  Species  Profiles  for  Stoichiometric  Acetic  Acid  Oxidation  in 
Supercritical  Water  at  525  *€  and  246  bar.  [OJ^,  «*  (1.09±0.2)x 
mol/L,  [CH3C00H]<,  «  (0.50±.01)  xlO"’  mol/L.  Error  bars  rqxesent 
95%  confidence  inters. 
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Figure  6.9  Mi^or  Species  Profiles  for  Stoichiometric  Acetic  Acid  Oxidation  in 
Supercritical  Water  at  525  *C  and  246  bar.  [OjJo*-  (3.15±0.4)x  lO^ 
mol/L,  [CH3C(X)H]^  ■*  (I.44±.02)  xlO"^  moI/L.  Ettot  ban  rq)resent 
95%  confidence  intervals. 
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Figure  6.10  Mi^or  Species  Profiles  for  StoichiomeUlc  Acetic  Add  Oxidation  in 
Superaritkai  Water  at  525  *C  and  246  ba^ .  [p2]o  »  (3.90±0.S)x 
mol/L,  (CH3COOH]o*(2.02±.02)  xlC^molA..  Error  bars  rq)rescnt 
95%  confidence  intovals. 


dJhilO'®  (j 

i> . 

0  CH3COOH  A  CO, 

3.5x10^ 

- 

0  O,  •  CH4 

A  CO  OH, 

3.0x10*® 

■* 

2JxlO*® 

24x10*®  ( 

14x10*® 

X 

1.0x10*® 

. 

0 

*0 

►CH 

HDh 

5.0x10"* 

- 

0.0 

.  .  .  t  >:Or^-0-i ^  ■  ,  ■ 

4.0  6.0  8.0  10.0  12.0 

Residence  Time  (sec) 


0.0 


2.0 


Initial  Conditions  Effects  on  Products  *  97 


CO2  concentration  shows  a  rapid  rise  from  45%  of  the  total  cartxm  reacted  at  t  =  4.6 
seconds  to  nearly  62%  of  total  carton  reacted  at  t  «  9.8  seconds.  Note  that  overall 
hydrogen  concentration  is  relatively  constant  and  low.  This  implies  that  hydrogen 
oxidation  offsets  the  rate  at  which  H2  is  formed  from  the  water-gas  shift  and/or  any 
acetic  acid  oxidation.  Other  stoichiometric  feeds  (Figures  6.8  -  6. 10)  show  similar  trends. 

More  information  can  be  gleaned  in  a  comparison  of  the  most  concentrated  and 
least  concentrated  stoichiometric  feeds.  As  would  be  expected,  respective  product 
profiles  for  the  3:1.5  and  2:1  stoichiometric  feeds  lie  in  between  Lhe  limits  defined  by 
the  nominally  4:2  and  1:0.5  feeds.  Figure  6.11  compares  acetic  acid  and  oxygen  decay 
for  the  4:2  and  1:0.5  runs,  with  the  upper  profile  of  each  compound  representing  the 
more  concentrated  (4:2)  feed.  The  decays  arc  distinctly  different,  reflecting  complex 
kinetics  and  a  change  in  induction  dme. 

Effect  of  initial  concentration  on  gaseous  product  distribution  can  be  seen  in 
Figures  6. 12  and  6.13.  Whereas  the  CO  production  has  little  net  gain  beyond  6  seconds 
reactor  residence  time,  CO^  production  increases  rapidly.  Similarly,  the  four  fold 
increase  in  initial  concentrations  gives  markedly  higher  methane  production  (Figure 
6.13).  Hydrogen,  while  produced  in  greater  quantities,  still  appears  to  reach  an 
equilibrium  concentration  level  within  the  first  four  seconds  of  the  reactor  and  undergoes 
little  net  change  through  ten  seconds. 

The  effects  of  varying  initial  oxygen  concentration  while  keeping  acetic  acid  feed 
concentration  constant  can  be  seen  by  comparing  sets  of  runs  in  which  oxygen  feed  was 
increased  four-fold,  while  CH3COOH  feed  concentration  remained  essentially  constant. 
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Figure  6.11  Comparison  of  Acetic  Acid  and  Oxygen  Profiles  for  Stoichiometric 
(1:0.5  and  4:2)  Acetic  Add  Oxidation  in  Supercritical  Water  at  525  **0 
and  246  bar.  Actual  average  [02]o:[CH3COOHX,  feed  concentrations  are 
([1.09±0.2]:[0.50±.01])  xlO"^  mol/L  for  the  lower  profile  of  each 
^)edes  and  ([3.90±0.5):p.02±.02))  xlO'’  mol/L  for  the  higher  profile 
of  each  spedes.  Error  bars  rq>resent  9S%  confidence  intervals. 


Residence  Time  (sec) 


0.0 


Concentration  (mol/L) 


Imtlai  Conditions  Effects  on  Products  *  99 


Figure  6.12  Comparison  of  Carbon  Monoxide  and  Carbon  Dioxide  Profiles  for 
Stoichiom^c  (1:0.5  and  4:2)  Acetic  Add  Oxidation  in  Supercritiral 
Water  at  525  "C  and  246  bar.  Actual  average  [(Wo:(CH3COOH]o  feed 
concentrations  are  ([1.09±0.2];[0.50±.01])  xlCT^oI/L  for  the  lower 
profile  of  each  species  and  (p.90±0.5]:[2.02±.02j)  x  lO"^  mol/L  for  the 
higher  profile  of  each  spedes. 
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Figure  6.13  Comparison  of  Methane  and  Hydrogen  Profiles  for  Stoichiometric 
(1:0.5  and  4:2)  Acetic  Add  Oxidation  in  Supercritical  Water  at  525  ^ 
and  246  bar.  Actual  average  [023o:[CH3C00Hl,  feed  concentrations  are 
((1.09±0.2]:[0.50±.013)  xlO"^  mol/L  for  the  lower  profUe  of  each 
^)edes  and  ([3.90±0.5]:(2.02±.02])  XlO*^  mol/L  for  the  higher  profile 
of  each  spedes.  Error  bars  rq>resent  95%  confidence  intervals. 
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Figure  6.14  and  6.  IS  display  reactant  and  gaseous  product  profiles  for  this  oxygen 
variation.  Plotting  both  series  of  runs  on  the  same  scaling  gives  Hgure  6. 16  (Oj  decay 
profile  of  the  4: 1  run  omitted  to  enhance  detail  of  lower  concentratioa  compounds).  The 
oxygen  dqjendence  of  acetic  acid  oxidation  in  supercritical  water  is  profoundly  evident 
in  the  shiit  of  the  acetic  acid  decay  profile.  Product  concentrations  of  methane  and  CO 
seem  to  be  significantly  less  effected  by  increased  oxygen  feed  concentration.  Overall, 
hydrogen  concentrations  appear  unaffected  by  the  change  in  O2  feed  under  these 
experimental  conditions. 

Liquid  product  variations  due  to  varying  oxygen  feed  concentrations  are  shown 
in  figure  6.17.  All  runs  were  conducted  at  S25  °C,  246  bar,  9.9  seconds  residence 
time,  and  [CHjCOOHlo  =  1  x  10^  mol/cm^,  with  02:CH3C00H  ratios  as  indicated. 
Though  not  obvious  from  the  figure,  conversion  of  acetic  acid  was  76%,  63%,  and  55% 
for  the  oxygen-rich,  stoichiometric,  and  oxygen-lean  feeds,  respectively.  The 
unidentified  compound  with  peak  elution  time  of  —4.7  minutes  significantly  decreases 
with  increased  oxygen  feed.  Similarly,  the  compound  with  peak  elution  time  of  -5.0 
minutes  decreases,  to  below  detectable  limits  in  the  4:1  feed.  Although  unidentified, 
these  compounds  elute  in  the  same  time  frame  as  maleic  (dual  peaks  at  —4.8  and  5.8 
minutes)  and  oxalic  (-5.2  minutes)  acids,  and  may  be  similar  in  structure.  Conversely, 
the  unidentified  compound  eluting  at  17.7  minutes  increases  with  oxygen  feed.  As  will 
be  seen  later,  this  compound  is  also  consistently  found  in  oxidation  of  methylene 
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Figure  6A6  Combined  M^or  Species  Profiles  for  Oxygen-Lean  and  Oxygen-Rich 
Acetic  Acid  Oxidation  in  Supercritical  Water  at  525  *’C  and  246  bar. 
(Figures  6.14  and  6.  IS  combined)  Error  bars  represent  95%  confidence 
intervals. 
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Figure  6.17  Liquid  Effluent  Giromatograms  from  Acetic  Add  Oxidation  with 
Varying  Initial  O2  Concentrations.  Experimental  comfidons:  525  "C,  246 
bar,  9.9  seconds  residence  time,  and  [CH3COOm,  *  I  X  KT*  mol/cm^, 
with  02:CH3C00H  ratios  as  indicat^. 


Run  265,  Sample  #1  (Stoichiometric,  2:1) 


Run  271,  Sample  #2  (Oxygen-Lean,  1:1) 
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6.7  Pressure  (Density)  Effects 

A  limited  series  of  experiments  was  conducted  to  determine  the  effects  of  q)erating 
l»tssure  on  the  rate  of  acetic  add  oxidation.  These  experiments  were  crmducted 
similarly  to  Holgate’s  (1993)  evaluation  of  pressure  effects  on  hydrogen  and  carbon 
monoxide  oxidation.  Two  series  of  experiments  were  carried  out,  at  four  and  six 
seconds  residence  dme,  respectively.  All  reactions  were  conducted  at  550  and 
nominal  stoichiometric  reactant  concentration  of  1  X  10^  moVen?  acetic  add  and  2  x 
10^  mol/cm^  of  oxygen.  Operating  pressures  ranged  from  159.6±4.8  bar  to  263.0±6.2 
bar.  These  conditions  were  chosen  to  give  the  widest  range  of  conversions  over  the 
domain  of  experiments.  The  complicating  effect  of  residence  time  in  previous  similar 
work  (Holgate,  1993)  resulted  in  a  concerted  effort  to  keep  residence  time  relatively 
constant  (four  and  six  seconds)  for  these  experiments. 

Results  of  variable-pressure  experiments  are  shown  in  Figure  6.18,  where  In  k* 
is  plotted  versus  pressure,  and  tabulated  in  Table  10.4  of  the  Appendix.  The  rate 
constant,  k*,  is  defined  here  as  an  apparent  first-order  rate  constant  having  the  form  of 
the  Arrhenius  equation,  in  contrast  to  it,  the  rate  constant  of  Equation  6.5.  The  pressure 
range  investigated  incorporated  both  supercritical  and  subcritica]  pressures,  and 
corresponds  to  water  densities  of  0.047  to  0.084  g/cm^,  or  almost  a  2-fold  variation.  At 
a  residence  time  of  6  seconds,  acetic  acid  conversion  ranged  from  80  to  93%.  For  runs 
at  4  seconds  residence  time,  conversion  spanned  64  to  86%.  Figure  6.18  shows  the 
apparent  first-order  rate  constant,  k*,  increases  with  increasing  operating  pressure  at  a 
550  ®C.  But  this  increase  in  the  apparent  first-order  rate  constant  is  not  quite  as 
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Figure  6.18  Effects  of  Operating  Pressure  (Fluid  Density)  on  tbe  Apparent  First* 
Order  Rate  Constant,  k*  ,  for  Acetic  Acid  Oxidation  at  550  *C. 
Experimental  Conditions:  (CH3COOHI,*  (0.95±.01)xl0^  mol/cm*; 
(OJo  “  (2.09±.02)xl0^mol/cm\  9S%  confidence  intervals  are  shown. 
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pronounced  as  Figure  6.18  suggests.  As  discussed  in  Section  6.5,  the  presence  of  an 
induction  time  complicates  the  calculation  of  Without  an  induction  time  and  with  all 
other  experimental  conditions  the  same,  k*  should  be  constant,  r^ardless  of  residence 
time.  But  with  residence  times  on  the  order  of  the  induction  time,  k*  increases  with 
increasing  residence  time.  This  is  portrayed  in  Figure  6.19.  Although  it*  might  be 
considered  constant  if  alternate  extremes  in  error  bars  are  considered,  in  general  the 
trckvl  is  an  increase  in  k*  with  increasing  residence  time.  Admittedly,  the  increase  is 
slight  and  is  much  smaller  than  the  increase  seen  by  Holgate  (1993)  with  hydrogen  where 
k*  bcreused  from  0. 13  to  0.28  over  residence  times  of  about  3.4  to  5.5  seconds  at  246 
bar.  Cotnparatively,  acetic  acid’s  k*  value  changed  from  0. 12  to  0. 14  over  residence 
times  of  4.9  to  9.7  seconds  at  246  bar  and  a  4:2  oxygen  to  organic  feed  ratio.  In  our 
apparatus,  variation  in  fluid  density  combined  with  flow  restrictions  imposed  by  the  feed 
pump  and  the  need  to  maintain  a  Reynolds  number  (Re)  above  the  critical  value  of  2100 
auses  unavoidable  variation  in  residence  time  with  operating  pressure.  At  low  pressures 
(densities)  the  maximum  residence  time  is  governed  by  the  need  to  maintain  Re221(X), 
while  at  high  pressures,  the  minimum  residence  time  is  set  by  the  maximum  pump  flow 
rate.  Therefore,  longer  residence  times  seem  to  correspond  with  higher  pressures  as  well 
as  increased  values  of  **.  The  pressure  dependence  of  k*  is  therefore  somewhat 
exaggerated.  Since  this  increase  is  coupled  with  pressure  effects  seen  in  Figure  6. 17,  true 
pressure  effects  arc  even  less  pronounced.  The  fact  that  all  values  of  k*  at  six  seconds 
residence  time  are  not  greater  than  the  corresponding  experiment  at  four  seconds  may 
indicate  tnat  induction  time  is  a  function  of  pressure. 


Figure  6.19  Variation  of  the  Apparent  First-Order  Rate  Constant,  k*,  with 

Residence  Time.  Experimental  Conditions; 
[CH3COOH]^-(2.02±.02)x10^  mol/cm’;  [OjJo  -  (3.90±.05)xl(r« 
mol/cm^.  95%  confidence  intervals  are  shown. 
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Figure  6.20  shows  concentrations  of  the  major  gaseous  product  species  in  the 
reactor  effluent  as  a  function  of  pressure  for  a  constant  residence  time  of  four  seconds. 
Pressure  variatitm  over  the  conditions  studied  indicate  virtually  no  effect  on  CH4 
concentrr-tion,  while  COj  production  is  slightly  enhanced  at  the  expense  of  CO.  Still, 
these  pressure  effects  are  much  less  significant  than  similar  pressure  effect  studies  on 
carbon  monoxide  or  hydrogen  oxidation  done  by  Holgate  (1993).  As  partial  oxidation 
products  form,  the  oxidation  of  acetic  acid  occurs  simultaneously  with  the  oxidation  of 
product  intermediates  (methane,  carbon  monoxide,  etc.).  The  possibility  that  the 
oxidation  profile  of  carbon  monoxide  difliers  in  the  presence  of  other  compounds  when 
all  other  conditions  remain  the  same  cannot  be  tested  since  CO  is  no  doubt  being  created 
and  destroyed  simultaneously. 

Liquid  product  distributions  may  change  slightly  under  pressure  variation,  as 
indicated  by  the  presence  of  propenoic  acid  eluting  at  ~  15.5  minutes  in  Figure  6.21. 
The  experiment  shown  gave  about  80%  conversion  of  acetic  acid.  A  comparable 
experiment  (314A)  with  pressure  about  100  bar  higher  (160  bar  venus  263  bar)  gave 
nearly  the  same  liquid  chromatogram,  but  slightly  increased  acetic  acid  conversion  (to 
93%),  and  increased  CH4  yield  from  12%  of  the  gaseous  effluent  to  16%. 

Although  these  few  variable-pressure  experiments  are  by  no  means  conclusive, 
they  seem  to  indicate  that  acetic  acid  oxidation  kinetics  are  less  influenced  by  pressure 
than  other  previously  studied  compounds. 
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Figure  6  JO  Varia'  ^on  with  Operating  IVessure  (Fluid  Density)  of  M^or  Gaseous 
Sped  s  ConceotratioDS  at  550  *C  and  4  seconds  Residence  Time. 
(CHjt. OOH].«(0.95±.01)  X  10r<moycni^(O2l,»  (2.09± .02)  x  10^ 
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Figure  6^1  Gas  and  Liquid  Chrcmatograms  of  Acetic  Acid  Product  EHluent  at 
Subcritical  Pressure.  Experimental  conditions:  550  '’C,  159  bar  (2300 
psig),  6.0  seconds  residence  time;  CH3CCX)H]^=(0.93±.01)xl(^ 
mol/cm^;  (2.11±.02)xl0r*  mol/cm^.  Liquid  chromatogram 

absorbance  at  210  nm. 


Gas  Chromatogram  Run  313A,  Sample  #6 
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Liquid  Chromatogram  Run  313A,  Sample  #1 
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6.8  Acetic  Acid  Hydrolysis  in  Supercritical  Water 
Ten  experimental  runs  were  conducted  without  oxygen  under  pyrolysis  or 
thermohydrolysis  conditions.  Although  unable  to  introduce  water  totally  void  of  oxygen, 
inlet  O2  concentrations  in  the  reactor  were  approximately  2  x  10^  mol/cm^  during  these 
hydrolysis  experiments.  Inlet  acetic  acid  was  nominally  1  x  10^  mol/cm^.  Initially, 
five  hydrolysis  runs  were  conducted  from  500  to  600  "C  at  25  **€  intovals.  The 
remaining  five  hydrolysis  runs  were  conducted  two  months  later  to  substantiate  the 
original  results  and  determine  if  results  were  reproducible  over  time.  One  run  was 
conducted  at  475  X  while  the  four  others  were  conducted  at  25  **0  intervals  beginning 
at  512  *‘C  and  continuing  through  587  *’€.  All  runs  were  conducted  at  8  seconds 
residence  time.  Although  none  of  the  experimental  conditions  in  the  first  set  were 
exactly  duplicated,  profiles  from  the  second  series  of  experiments  followed  the  same 
decay  profiles  obtained  in  the  first  set,  despite  a  time  lapse  of  two  months.  Results  are 
found  in  Table  10. 1  of  the  Appendix. 

Figure  6.22  shows  that  despite  its  reputation  as  one  of  the  more  refractory 
intermediate  compounds  in  supercritical  water  reactions  (Ploos  van  Amstel  and  Rietema, 
1970;  Skaates  et  al.,  1981;  Tongdhamachart,  1990;  Shanableh,  1991;  Holgate  1993), 
acetic  acid  can  be  appreciably  destroyed  even  in  the  absence  of  oxidant.  In  fact,  its  35% 
conversion  at  600  “C  and  8  seconds  residence  time  is  quite  good  compared  to  some  other 
previously  studied  compounds.  Negligible  conversion  was  observed  for  methane 
hydrolysis  at  652  °C  and  residence  times  up  to  14.8  seconds  (Webley,  1989);  hydrolysis 
of  methanol  was  negligible  (2. 1  %)  at  544  °C  and  6.6  seconds  residence  time  (Webley, 
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1989,  Tester  et  al.,  1992);  and  only  11  %  of  ammonia  was  converted  at  700  **€  and  10.8 
seconds  residence  time  (Wdiley  et  al.,  1990,  1991)  under  oxidative  conditions. 
Certainly  the  acetic  acid  hydrolysis  and  oxidation  are  occurring  simultaneously  in  the 
presence  of  oxygen.  This  is  similar  to  the  concurrent  water-gas  shift  and  oxidative 
pathways  present  in  CO  oxidation  in  supercritical  water  reported  by  Holgate  (1993). 
Ultimately,  some  credit  (though  perhaps  small)  must  be  given  to  hydrolysis  when 
rqjorting  the  destruction  efficiencies  of  acetic  acid  oxidation  in  supercritical  water.  Not 
only  is  hydrolysis  aiding  in  the  breakdown,  but  its  products  may  also  be  undergoing 
hydrolysis  or  oxidation.  Another  comparison  of  acetic  acid  hydrolysis  with  oxidation  is 
given  in  the  form  of  a  first-order  Arrhenius  plot  in  Figure  6.23. 

Analysis  of  the  liquid  effluent  via  HPLC  at  210  nm  gave  only  unreacted  acetic 
acid  and  trace  amounts  (~  10*^  molar)  of  propenoic  acid.  The  propenoic  acid  peak  was 
no  doubt  at  the  limit  of  detection  of  our  HPLC  method  as  it  was  not  always  detected  in 
every  liquid  sample  taken  from  a  specific  experiment.  Figure  6.24  compares  acetic  acid 
hydrolysis  and  oxidation  liquid  effluent  chromatograms.  For  the  run  shown  in  Figure 
6.24,  hydrolysis  conversion  of  acetic  acid  was  ~  16%  (550  "C,  246  bar,  8  seconds 
residence  time)  while  similar  oxidation  conditons  gave  ~98%  conversion  of  acetic  acid. 
The  compound  eluting  at  17.7  minutes  under  oxidation  conditions  never  appeared  under 
hydrolysis  conditions.  UV  analysis  at  290  nm  gave  no  peaks  within  60  minutes  retention 
time  for  the  first  few  hydrolysis  runs  and  hence  was  discontinued. 

The  major  products  of  acetic  acid  hydrolysis  were  gaseous.  However,  at  lower 
temperatures  (conversions),  the  effluent  gas  flow  rate  was  below  the  lower  limit 
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figure  6^  Comparison  of  Acetic  Acid  Hydrolysis  and  Oxidation  Conversion  at 
246  bar  and  8  seconds  Residence  Time.  For  hydrolysis,  [CH3COOH]^ 
-(1.00±.01)xl0^moycm^  [OJ^  =  (2.19±.02)xl(r*  mol/cm^  For 
oxidation,  [CHaCOOH]^  =  (0.99±.01)xl0-*  mol/cm^ 

(2.09±.02)xl0^mol/cm^.  95%  confidence  intervals  are  shown. 
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Figure  6^  Comparison  of  Actdc  Acid  Hydrolysis  and  Oxidation  First-Order 
Arrtienlus  Plots  at  246  bar  and  8  seconds  Residence  Time.  For 
hydrolysis,  [CH3COOH]  =(1.00±.01)xl(r*  mol/cm^;  [O^  = 

(2 . 1  9  ±  .  02)  X  I  0*^  mol/cm^.  For  oxidation, 
[CH3COOH]^=(0.99±.01)x10^  mol/cm^;  [Oj]^®  (2.09±,02)xlO^ 
mol/cm^.  95%  confidence  intervals  are  shown. 


l.lOxlO*^  1.27xl0'^  1.44xl0‘^ 
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Figure  6.24  Comparison  of  Liquid  Effluent  Chromatograms  in  Acetic  Acid 
Hydrolysis  and  Oxidation  Experiments.  Experimental  conditions: 
SSO^C,  246  bar,  8  seconds  residence  time,  with 
(CH3C00H]^=(1  .00±.03) X  lO^mol/cm^and  [Cy^  »  (2.03± .07)  x  la* 
mol/cm^  for  oxi^tion. 
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(~0.3  ml/min)  of  measurability  for  our  a|)paratus.  At  low  (<I5%)  conversion, 
although  CO2  and  CH4  were  the  major  products,  their  proptniional  compositions  were 
not  easily  reproducible,  hence  the  somewhat  erratic  carbon  balance  closures  in  Table 
10.1.  At  higher  gas  flow  rates  0.5  ml/min),  gaseous  compositiaa  was  rq)roducible, 
but  based  on  only  three  to  four  dual  gas  samples  as  opposed  to  die  normal  six  samples 
taken.  Acetic  acid  and  product  gas  profiles  are  shown  in  Figure  6.25.  At  temperatures 
above  550  °C,  CH4  and  CO^  were  produced  in  nearly  equal  amounts,  accounting 
for  >95%  of  gas-phase  products.  Gases  accounted  for  76.0±16.6%  of  the  carbon 
reacted  at  512  °C  and  generally  increased  to  93.8±7.5%  of  carbon  reacted  at  600  “C. 
CO  accounted  for  1  -  2%  of  the  carbon  balances,  and  less  than  1%  of  the  total  gas. 
Trace  amounts  of  hydrogen,  on  order  of  10^  mol/cm^  were  also  detected,  accounting  for 
less  than  1  %  of  the  gaseous  products.  Other  gases  specifically  tested  for  but  not  detected 
were  ethane,  ethylene,  and  acetylene.  Minute  amounts  of  nitrogen  (from  air  dissolved 
in  the  aqueous  feeds  and  possibly  introduced  in  transferring  the  gas  sample  from  the 
sampling  port  to  the  GC)  and  helium  (used  to  pressurize  the  feeds)  were  also  detected. 

An  assumed  first-order  regression  of  the  limited  hydrolysis  runs  gave  suprisingly 
good  results,  with  a  rate  expression  of: 

[CH.COOH]  (6.8) 

The  correlation  coefficient  (r^  ),  adjusted  for  degrees  of  freedom  was  1.00.  Although 
the  assumed  first-order  linear  regression  seems  plausible  (Figure  6.23),  this  regression 
must  be  considered  suspect  with  the  relatively  few  data  on  which  it  is  based.  A  catalytic 
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mechanism  model  may  be  more  appropriate,  but  was  not  attempted  in  this  work.  Any 
model  verification  will  require  more  experiments  over  a  wider  variability  of  temperature, 
concentrations  and  residence  time. 


wHWv-umvHMni! 


Chapter? 

Experimental  Studies  of  Methylene  Chloride 
Hydrolysis  and  Oxidation  in  Supercritical  Water 

7.1  Motlratioo 

Halogenated  hydrocarbons  represent  an  important  class  of  hazardous  waste.  Among  the 
halogenated  hydrocarbons,  chlorinated  derivatives  find  broad  application  as  vital 
intermediates  in  the  chemical  industry.  Chlorinated  hydrocarbons  are  industrially 
important  in  the  manufacture  of  plastics,  agricultural  chemicals,  solvents,  and  medicines. 

But  because  of  their  widespread  use,  chlorinated  hydrocarbons  are  a  substantial 
component  of  halogenated  wastes.  Many  are  volatile,  and,  like  other  halogenated 
hydrocarbons,  chlorinated  organics  are  considered  water  contaminants.  Growing  concern 
over  the  effect  of  chlorinated  compounds  on  the  environment  has  led  to  concerted  efforts 
to  reduce  their  use. 

As  a  significant  class  of  hazardous  wastes,  chlorinated  hydrocarbons  are  excellent 
candidates  for  destruction  via  SCWO.  In  particular,  methylene  chloride 
(dichloTomethane,  CHjClj)  is  structurally  one  of  the  more  elementary  chlorinated 
organics  that  is  also  a  real-world  contaminant.  Its  Cl  carbon  structure  and  simple  C-Cl 
bonds  make  it  an  excellent  choice  as  a  model  compound  for  careful  study  of  reaction 
kinetics  in  a  supercritical  water  environment. 

7.2  Literature  Review 

Methylene  chloride  (CHjCI;),  has  a  formula  weight  of  84.92  and  at  ambient  conditions 
it  is  3  dear,  colorless,  volatile  liquid  with  a  boiling  point  of  39.8  "C  at  a  pres.sure  of 
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1  bar.  Though  only  slightly  soluble  in  water  (1.32  g/100  mL  of  water  at  25  ‘‘C),  it  is 
completely  miscible  with  chlorinated  solvents  and  itself  is  an  excellent  solvent  for  many 
aromatics,  polymers,  resins,  waxes,  and  fats.  Its  solvency  and  nonflammability  make 
it  well  suited  to  a  wide  variety  of  industrial  uses.  Methylene  chloride  is  one  of  the  least 
toxic  chlorinated  methanes,  being  less  toxic  than  methyl  chloride,  chloroform,  or  carbon 
tetrachloride.  (Anthony,  1978). 

Its  reputation  as  a  contaminant  in  water,  off-gases,  and  residues  has  led  to 
investigation  of  its  removal  by  vapor  stripping,  adsorption  on  activated  charcoal,  and 
distillation  (Rossberg  et  al.,  1987).  But  even  removal  must  result  in  eventual  recycling 
or  destruction  of  the  compound.  Incineration  can  be  difficult  because  halogenated 
hydrocarbons  have  lower  heats  of  combustion  than  ordinary  hydrocarbons  and  therefore 
have  lower  flame  temperatures.  These  lower  tcmpcraniTes  can  result  in  incomplete 
combustion  products  as  well  as  molecular  halogens  that  are  difficult  to  remove  from  flue 
gas  (Liepa,  1988).  Incineration  of  chlorides  is  corrosive,  as  well.  Catalytic  oxidation 
of  chlorinated  compounds  can  result  in  poisoning  of  the  catalyst.  Consequently,  higher 
temperatures  and  more  catalyst  may  be  needed,  increasing  the  destruction  costs. 

Chlorinated  hydrocarbon  destruction  has  been  previously  investigated  in  both  the 
near-critical  and  critical  regimes.  Most  study  has  been  focused  on  destruction  efficiency, 
defined  as  the  difference  in  the  concentration  of  contaminant  in  the  feed  and  effluent 
streams,  divided  by  the  concentration  of  contaminant  in  the  feed  stream.  With  wet 
oxidation,  Randall  and  Kopp  (1980)  reported  that  initial  concentrations  of  S.v'  g/L  of 
pcntachlorophenol  and  12.41  g/L  of  2-chlorophenol  were  destroyed  to  greater  than  /)% 
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efficiency  at  320  °C  and  oi>e  hour  oxidation  dme.  Dietrich  (198S)  observed  bench-scale 
wet-air  oxidation  destruction  in  excess  of  99%  for  solutions  of  chloroform,  1,2- 
dichloroethane,  carbon  tetrachloride,  and  I-chloronaphthalene  at  275  "C  and  60  minutes 
residence  time.  However,  some  chlorinated  aromatics  (i.e.,  chlorobenxene,  1,2- 
dichlorobenzene)  were  less  than  75%  destroyed  under  similar  conditions,  even  in  the 
presence  of  a  potential  catalyst.  Destruction  of  numerous  chlorinated  organics  in 
supercritical  water  have  been  reported  by  Thomason  (1990),  Thomason  and  Modell 
(1984),  Modell  (1985,  1989)  and  MODAR,  Inc.,  in  both  pilot  and  bench-scale 
supercritical  oxidation.  Among  those  halogens  undergoing  ^99.99%  destruction 
efficiency  were  aroclors  (polychlorobiphenyls),  chlorinated  Dibenzo-p-dioxins, 
hexachlorocyclohexane,  methylene  chloride,  tctrachloroethylene  and  1,1,1- 
trichloroethane. 

Other  than  the  reported  destruction  efficiencies  cited  above,  reference  to 
methylene  chloride  studies  in  supercritical  water  is  scarce.  However,  non-catalytic  and 
catalytic  studies  of  methylene  chloride  oxidation  have  been  done  and  are  of  interest  for 
comparative  purposes.  In  thermal  oxidation  by  chromium  oxide  (1C)  catalyst.  Young 
(1982)  obtained  a  rate  expression  that  was  first  order  in  dichloromethane,  but  of 
undetermined  order  for  oxygen,  with  an  activation  energy  of  about  72  kJ/mol  in  the 
temperature  range  350  -  500  ”C  and  at  near-atmospheric  pressures.  A  rough  correction 
for  the  presence  of  water  vapor  gave  a  rate  expression  that  was  0.97  order  for 
dichloromethane,  0.09  order  for  oxygen,  and  -0.33  order  in  water.  The  unusual  order 
for  water  clearly  indicated  that  water  inhibited  the  rate  of  reaction  under  the 
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aforementioned  operating  conditions.  Catalytic  oxidation  of  chlorides  using  chromia 
siqqxnted  on  y^lumina  was  investigated  by  Liepa  (1988).  He  found  CH2CI2 
conversions  were  slightly  lower  than  those  measured  for  other  chlorinated  methanes  at 
similar  conditions  (340  -  440  °C,  atmospheric  pressure  and  0.2-0.4  second  residence 
time).  Most  notable  about  catalyzed  methylene  chloride  oxidation  on  chromia  was  the 
significantly  lower  amount  of  CO2  formed  compared  to  other  chlorinated  methanes. 
Other  products  included  CO,  H2O,  and  HCl,  with  smaller  amounts  of  CI2,  and  trace 
amounts  of  CHCI3.  The  presence  of  other  chlorinated  hydrocarbons  (CH3CI,  C2HCI3, 
CG4)  apparently  inhibited  dichloromethane  oxidation  rates  (Liepa,  1988). 

7.3  Experimental  Results 

The  study  of  methylene  chloride  hydrolysis  and  oxidation  in  supercritical  water  marked 
the  first  time  a  chlorinated  compound  had  been  investigated  in  our  lab.  It  also  proved 
to  be  the  first  time  there  has  been  physical  evidence  of  possible  corrosion. 

Thirty-seven  CH2CI2  oxidation  and  six  CH2G2  hydrolysis  experiments  were 
conducted  in  supercritical  water.  Three  oxidation  experiments  (Runs  333,  338,  360) 
were  discarded  because  oxygen  feed  was  depleted  early  in  one  experiment  (#338)  and  an 
error  in  organic  feed  preparation  in  the  other  two.  The  remaining  34  oxidation  runs  were 
conducted  at  a  constant  pressure  of  246  bar  to  provide  a  comparable  data  base  to 
previous  kinetic  experiments  in  our  laboratory  (Helling  and  Tester,  1987,  1988;  Webley 
and  Tester,  1991;  Webley  et  al.,  1990,  1991;  Holgate,  1993)  This  pressure  is  typical  of 
proposed  operating  pressures  for  the  SCWO  process  (Tester  et  al. ,  1993).  Temperatures 
ranged  from  450  -  STS  although  23  of  the  oxidation  experiments  were  carried  out  at 
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525  ®C  and  seven  at  500  ®C  to  study  concentration  and  density  effects.  Reactor  residence 
times  spanned  4.4  to  10.8  seconds.  Feed  concentrations  of  methylene  chloride  ranged 
from  2.01x10^  mol/cm^  (—0.21  weight  %,  or  1.5  ppmv)  to  7.22x10"^  mol/cm^ 
(-0.07  weight  %,  0.5  ppmv),  while  inlet  oxygen  concentrations  varied  between 
2.02  xlOr*  mol/cm^  ("oxygen  free"  hydrolysis)  and  2.08x10^  mol/cm^  (the  highest 
oxygen  concentration  in  the  oxidation  experiments).  These  concentrations  resulted  in 
inlet  molar  oxygen-to-methylene  chloride  ratios  from  0.019  (hydrolysis)  to  2.21  (oxygen- 
rich),  where  the  stoichiometric  oxidation  ratio  is  1.00.  Conversions  langed  from  38.3 
±  8.8%  to  complete  methylene  chloride  destruction  (within  analytical  detection  limits). 

A  search  for  an  accurate  method  in  which  to  employ  the  available  analytic 
techniques  (thermal  conductivity/flame  ionization  gas  chromatography  and  high 
performance  liquid  chromatography)  was  complicated  by  the  necessity  to  detect  a  diverse 
range  of  partial  oxidation  and  hydrolysis  products  at  ambient  conditions.  These  included 
low  molecular  weight  liquid  organics,  chlorinated  liquid  organics,  gaseous  hydrocarbons, 
and  significant  amounts  of  chloride  products  that  ionize  in  aqueous  solution  (namely, 
HCl).  After  consideration  of  alternative  methods  of  analysis,  we  determined  to  continue 
with  the  analytical  procedures  outlined  in  Section  4.2.  Gas  chromatography  proved 
reliable  in  analyzing  the  gaseous  products  that  consisted  of  CO,  COj,  Oj  (from  unreacted 
feed),  and  contaminant  (from  air  entrained  in  solution  and  perhaps  introduced  in 
sample  collection)  and  He  (used  in  organic  saturator  pressurization).  As  with  our 
analysis  of  products  from  the  glucose  and  acetic  acid  oxidation  experiments  (see  Sections 
5.3  and  6.6),  no  spurious  peaks  were  ever  observed  in  any  of  the  2(X)-pIus  gaseous 
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samples  analyzed,  supporting  the  notion  that  negligible  chlorine  or  chlorinated  gases  were 
formed  as  products  in  either  hydrolysis  or  oxidation  of  methylene  chloride.  The  same 
HPIX:  system,  column  and  method  were  used  to  detect  liquid  effluent  products.  This 
allowed  us  to  take  advantage  of  the  known  retention  times  of  approximately  SO  previously 
tested  organics  (Tables  5.1  and  6.2)  in  determining  the  identification  of  any  non- 
chlorinated  products  in  the  liquid  effluent.  Additionally,  chlorinated  products  in  the 
liquid  effluent  were  determined  in  a  similar  manner.  Chlorinated  compounds  tested  as 
possible  products  are  listed  with  their  respective  retention  times  for  our  analytical  method 
in  Table  7.1  Although  the  HPLC  column  used  was  not  optimally  designed  for  detection 
of  chlorinated  products,  the  method  employed  proved  sensitive  and  reproducible  in 
detecting  chlorinated  hydrocarbons.  No  apparent  column  degradation  or  significant 
pressure  change  was  noticed  throughout  the  course  of  experiments.  The  relatively  slow 
mobile  phase  flow  rate  (0.5  ml/min)  proved  necessary  in  preventing  peak  overlap,  but 
resulted  in  relatively  long  retention  times  for  chlorinated  products.  Specifically,  the 
slowest  eluting  product  peak  had  a  residence  time  of  about  87  minutes.  This  long 
analytical  time  combined  with  the  number  of  liquid  samples  taken  (3  per  experiment,  plus 
the  feed  solution)  caused  some  liquid  effluent  samples  not  to  be  analyzed  on  the  same  day 
as  produced,  but  all  samples  were  analyzed  within  24  hours  of  sampling.  Liquid  samples 
were  kept  in  amber,  screw-cap  sealed  glass  bottles  (120  ml)  in  a  darkened  refrigerator 
(~6  °C)  until  analysis.  The  bottle  caps  were  not  teflon  lined,  so  the  possibility  that 
reaction  between  effluent  and  the  cap  lining  cannot  be  ruled  out,  although  no  perceptible 
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Table  7.1  Chlorinated  Compounds  Tested  as  Possible  Liquid-Phase  Products. 

Absorbance  at  210nm  using  High  Performance  Liquid 
Chromatography. 


Compound 

Formula 

Retention  Time  (minutes) 

Carbon  Tetrachloride 

ca4 

81.0 

Chloroform 

CHOj 

48.6 

1,2  Dichloroethane 
(l^ylene  Dichloride) 

C2H4CI2 

36.4,  86.7 

1,1  Dichloroethylene 

C2H2CI2 

53.4 

cw-1,2  Dichloroethylene 

qH2a2 

51.2 

rrcns- 1,2  Dichloroethylene 

C2H2CI2 

45.6 

Methylene  Chloride 
(Dichloromethane) 

CH2CI2 

31.7 

Tetrachloroethane 

C2H2a4 

81.3 

Tetrachloroethylene 

C2C14 

39.1 

1,1,2  Trichloroethane 

C2H3C13 

52.0 

Trichloroethylene 

C2HC13 

86.4 
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chromatogram  di^erences  were  noted  between  stored  samples  and  samples  that  were 
immediately  analyzed. 

However,  two  other  observations  were  noted.  Over  the  time  frame  in  which  the 
methylene  chloride  hydrolysis  and  oxidation  experiments  were  conducted  (22  March  -  22 
April  1993),  the  peaks  of  the  products  with  longer  (>30  minutes)  retention  times  drifted 
as  much  as  ±0.2  minutes.  Fortuitously,  this  did  not  seem  to  pose  any  identification 
problems,  though,  as  chlorinated  peaks  tested  were  well  separated  at  the  previously 
mentioned  flow  rate.  Additionally,  the  calibration  of  methylene  chloride  slowly  drifted, 
such  that  2  recalibrations  of  methylene  chloride  were  used  during  the  course  of 
experiments.  As  a  test  of  reproducibility,  periodically  a  feed  solution  would  be  injected 
two  or  three  times  successively.  This  technique  gave  the  same  concentration  reading 
±3%  (a  larger  error  than  seen  for  a  similar  technique  with  acetic  acid)  although  one 
reading  deviated  5%  from  an  initial  analysis.  For  this  reason,  all  initial  feed 
concentrations  were  conservatively  estimated  to  have  an  associated  error  of  ±10%. 
Liquid  effluent  concentration  error  was  calculated  to  be  within  two  standard  deviations 
of  the  average  of  the  three  liquid  samples  collected  during  each  experiment.  Errors  were 
propagated  as  described  in  Section  4.4. 

As  mentioned  in  Section  6.3,  in  some  experiments,  the  measured  liquid  effluent 
flow  rate  deviated  from  the  expected  (calibrated)  flow.  The  inlet  concentrations  were 
therefore  corrected  using  the  same  proportioning  as  mentioned  in  Chapter  6.  In  most  of 
the  methylene  chloride  experiments,  total  effluent  flow  was  within  ±  1  %  of  the  expected 
flow  rate,  with  the  largest  actual  flow  deviating  3%  above  the  expected  flow.  As  with 
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the  acetic  acid  experiments,  this  effect,  coupled  with  our  ability  to  verify  the  organic 
(methylene  chloride)  feed  solution  to  at  least  ±10%  of  the  desired  concentration,  caused 
the  reactor  inlet  concentrations  (and  02:CH2Cl2  feed  ratios)  to  vary  slightly  from  the 
target  values. 

Six  hydrolysis  experiments  were  conducted  over  a  temperature  range  of  450  - 
575  °C  at  a  reactor  residence  time  of  six  seconds,  246  bar  of  pressure,  and  with  a 
reactor  inlet  methylene  chloride  concentration  of  1x10^  mol/cm^.  Of  the  six 
experiments,  the  actual  inlet  methylene  chloride  concentration  for  Run  #334  was 
significantly  below  the  desired  conditions  (7.47  x  10"^  mol/cm^  versus  the  sought  1 X 10^ 
mol/cm^)  and  can  not  be  directly  compared  with  other  hydrolysis  results.  Methylene 
chloride  hydrolysis  conversions  ranged  from  42.36±6.98%  to  76.06±4.53%.  Detailed 
discussion  of  hydrolysis  results  are  found  in  the  next  section.  Tabulated  hydrolysis  results 
are  found  in  Table  10.5  of  the  Appendix.  All  propagated  errors  are  to  95% 
confidence. 

Oxidation  conditions  and  results  are  also  tabulated  in  the  Appendix  (Tables  10.6 
and  10.7).  Data  presented  are  shown  with  a  95%  confidence  interval.  For  easier 
comparison.  Table  10.7  regroups  the  data  by  feed  ratios  and  reactor  temperatures;  it  does 
not  contain  any  new  data.  Section  7.5  describes  the  results  of  nonlinear  regression  of 
the  data  to  a  global  rate  form,  while  Section  7.6  discusses  decay  profiles.  The  influence 
of  initial  concentrations  on  product  distribution  is  found  in  Section  7.7. 

Conversion  of  methylene  chloride  under  hydrolysis  conditions  at  450  "C,  246  bar 
and  6  seconds  residence  time  was  significant  (47.1  ±6.0%),  indicating  that  preheating 
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may  have  played  an  important  role  in  methylene  chloride  destruction. 

Corrosion  was  physically  evident  for  the  first  time  in  our  reactor  system.  After 
experimental  runs,  the  liquid  effluent  would  no  longer  be  clear  when  the  feed  was 
changed  to  pure  water.  Liquid  effluent  discoloration  varied  from  a  light,  cream-colored 
solution  to  a  darker,  reddish-brown  precipitate  when  the  feed  was  switched  from  oxygen 
and  organic  to  a  pure  water  feed.  Although  not  noticed  in  the  first  three  experiments  in 
which  inlet  CH2CI2  was  doubled  from  lx  10^  mol/cm^  to  2x10^  mol/cm^,  the  liquid 
eftluent  became  distinctly  tainted  with  a  pale  yellow  color  during  oxidation.  This 
phenomena  was  the  first  observation  of  possible  corrosion  during  actual  oxidation. 
Additionally,  the  exit  temperature  thermocouple,  located  at  the  end  of  the  reactor  where 
corrosive  conditions  may  be  most  severe  (high  acidity,  high  temperature),  failed.  It  is 
not  known  whether  this  failure  was  attributable  to  cumulative  degradation  over  the  course 
of  several  months,  or  mainly  due  to  more  severe  conditions  created  by  the  oxidation  of 
methylene  chloride.  The  replacement  thermocouple  may  also  be  giving  indications  of 
degradation.  The  effect  of  these  processes  on  kinetics  is  unknown.  A  detailed 
presentation  on  observed  corrosion  is  reported  in  Section  7.8. 

7.4  Methylene  Chloride  Hydrolysis  in  Supercritical  Water 
Conversion  results  from  limited  hydrolysis  studies  are  plotted  with  corresponding 
oxidation  runs  in  Figure  7.1.  Tabulated  hydrolysis  data  is  given  in  Table  10.5  of  the 
Appendix  (Chapter  10).  Some  interesting  characteristics  of  methylene  chloride  behavior 
in  supercritical  water  are  revealed  in  the  plot  of  conversion  versus  reactor  temperature. 
High  destruction  efficiency  of  methylene  chloride  can  be  achieved,  even  in  the  virtual 
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Figure  7.1  Methylene  Chloride  Hydrolysis  and  Oxidation  Conversion  in 
Supercritical  Water.  Reactor  pressure  of  246  bar  with  residence  time 
of  6  seconds.  [CH2CI2L  =  1  x  10^  mol/cm^  for  hydrriysis  and  oxidation; 
[02]o=lxl(r®  mol/cnr  for  oxidation,  95%  confi<tence  intervals  are 
shown. 


Temperature  (®C) 
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absence  of  oxygen,  as  evidenced  by  the  76%  conversion  observed  at  246  bar,  575  ^C, 
and  six  seconds  residence  time.  Significant  conversion  (>40%)  is  seemingly  achievable 
at  temperatures  as  low  as  450  "C.  Figure  7.1  suggests  that  even  with  oxygen  present, 
hydrolysis  accounts  for  most  of  the  CH2Ci2  destruction  over  the  temperature  range  of 
450  to  550  .  Oxygen  seems  to  be  influencing  CH2CI2  destruction  very  little  as 

conversion  remains  essentially  constant  over  this  range;  preferential  oxidation  of  CH2CI2 
hydrolysis  products  may  preclude  direct  oxidation  of  CH2CI2.  But  the  data  in  this  region 
are  perplexing,  suggesting  that  CH2CI2  conversion  is  relatively  unaffected  by  a 
temperature  increase  of  about  100  ®C,  in  the  range  450  -  550°C.  This  phenomenon 
seems  quite  suspect,  requiring  additional  hydrolysis  data  in  this  temperature  region  before 
any  meaningful  conclusions  can  be  made.  Another  confounding  effect  is  the  influence 
corrosion  products  may  have  had  on  kinetics.  The  first  evidence  of  discolored  effluent 
was  made  during  startup  of  an  oxidation  experiment  immediately  following  the 
conclusion  of  the  series  of  runs  in  which  hydrolysis  measurements  were  taken. 

Gaseous  products  were  comprised  almost  entirely  of  H2  and  CO.  Negligible 
(<  1%  by  volume)  amounts  of  CO2  were  formed.  Figure  7.2  shows  typical  gas  and 
liquid  chromatograms  for  CH2CI2  hydrolysis  at  575  "C,  246  bar,  and  a  residence  time 
of  six  seconds.  The  gas  chromatogram  was  obtained  from  the  GC  using  helium  as  the 
carrier  gas.  The  injected  volume  was  approximately  200  /xL.  The  limit  of  detectability 
for  hydrogen  on  this  GC  is  about  50  fil  (He  and  H2  have  similar  thermal  conductivities; 
see  Section  4.2).  The  mere  presence  of  the  hydrogen  peak  (at  ~2.4  minutes)  is 
indicative  of  its  significant  concentration  in  the  sample,  and  the  peak  size  indicates  that 
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Figure  7.2  Gas  and  Liquid  Chromatograms  for  CH2CI2  Hydrolysis  at  575  **€, 
246  bar,  and  Residence  Time  of  6  Seconds.  [CH2ClJo=  1  x  10^ 
mol/cm^,  [02]o==  1 X 10"^  mol/cm^. 
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it  makes  up  about  50%  of  the  sample  volume.  Actual  quantification  of  hydrogen  is  done 
with  another  GC  using  nitrogen  as  the  carrier  gas  (Section  4.2).  Oxygen  and  nitrogen 
in  the  hydrolysis  sample  most  likely  come  from  two  sources.  Air  is  slightly  soluble  in 
water  and  cannot  be  prevented  from  entering  the  reactor  in  minute  amounts  via  the 
aqueous  feeds.  Also,  the  sample  may  have  been  contaminated  with  air  as  it  was 
'ransported  directly  from  the  sampling  port  to  the  GC.  In  the  gas  chromatogram  shown 
(Figure  7.2),  N2  accounts  for  about  5  %  of  the  volume  and  Oj  is  <  1  %  of  the  sample 
volume.  The  Nj:©}  ratio  is  not  indicative  of  the  composition  of  air,  since  the  oxygen 
portion  of  the  air  dissolved  in  the  feeds  undoubtedly  were  consumed  during  hydrolysis 
(due  to  the  presence  of  air,  some  minor  oxidation  will  occur  during  hydrolysis).  COj 
makes  up  about  5%  of  this  sample,  about  half  the  amount  produced  from  the  same  inlet 
concentration  (1  x  10^  mol/cm^)  of  acetic  acid  (CH3CCX3H)  during  hydrolysis  at  the  same 
temperature  and  pressure  (CH2CI2  hydrolysis  reactor  residence  time  was  6  seconds, 
versus  8  seconds  for  CH3COOH).  The  methane  (9.298  minutes  retention  time)  produced 
was  about  0.5%  of  the  sample  volume  and  was  not  detected  in  any  other  hydrolysis 
experiments.  However,  it  was  consistently  detected  in  all  six  samples  taken  during  this 
run  at  575  "C.  A  surprisingly  high  amount  (33%  of  the  gaseous  product,  by  volume)  of 
CO  was  produced  in  this  run.  Even  at  450  "C,  17%  of  the  gaseous  effluent  was  CO. 
Comparatively,  CO  made  up  only  about  2%  of  the  gaseous  effluent  produced  in  acetic 
acid  hydrolysis  over  virtually  the  same  temperature  range.  Gaseous  product  profiles  as 
a  fijnction  of  reactor  temperature  are  depicted  in  Figure  7,3.  Figure  7.4  indicates  that 
the  majority  of  the  g.''.s  formed  under  oxidative  conditions  may  be  actually  attributable 
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Figure  7.4  Percent  of  Reacted  Carbon  that  Appears  as  Gas  Phase  Product  in 
Methylene  Chloride  Hydrolysis  and  Oxidation  in  Supercritical  Water. 
Reactor  pressure  of  246  bar  and  residence  time  of  6  seconds. 
[CHjQJa®*  1x10^  mol/cm’  for  hydrolysis  and  oxidation; 
1 X 10^  mol/cm^  for  oxidation.  Exponential  fits  for  clarity  only. 


Temperature  (®C) 
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to  hydrolysis.  The  percent  gasification  represents  the  portion  of  reacted  carbon  that  is 
measured  in  the  gas  phase.  Howe'/er,  these  data  points  were  results  from  the  same  set 
of  experiments  that  implied  CH2Q2  conversion  changed  little  over  a  100  "C  temperature 
rise,  and  must  be  subjected  to  further  verification. 

The  analysis  of  the  liquid-phase  products  of  methylene  chloride  hydrolysis  was 
difficult.  The  task  was  complicated  in  that  many  *pure”  chlorinated  compounds  gave 
multiple  peaks  upon  analysis  in  aqueous  solution.  Identification  of  these  multiple  peaks 
became  necessary  in  order  to  categorize  "unknown”  peaks  found  in  the  analysis  of  the 
liquid-phase  product  effluent.  An  excellent  example  is  that  of  1,2  dichloroethylene. 
Initial  analysis  gave  three  peaks  with  retention  times  of  4S.6,  51.2,  and  S3. 6  minutes, 
each  peak  with  appreciable  magnitude.  Eventual  resolution  identified  the  peaks  as  trans- 
1,2  dichloroethylene,  cm- 1,2  dichloroethylene,  and  1,1  dichloroethylene,  respectively. 
In  addition  to  undergoing  reaction  in  water,  many  compounds  are  light-sensitive, 
undergoing  photolysis  over  a  period  of  time.  Like  our  analysis  of  glucose  products 
described  in  Section  5.3,  some  compounds  that  seem  viable  product  candidates  were  not 
readily  available,  commercially.  As  previously  mentioned,  peak  retention  times  did  drift 
slightly  (about  ±.2  minutes),  causing  us  to  re-analyze  some  pure  compounds  to  make 
absolutely  positive  identification  that  an  observed  {leak  was  indeed  a  previously 
identified  com{)ound,  and  not  a  new  peak  with  a  very  similar  retention  time.  Our  list  of 
about  50  previously  tested  organics  proved  of  less  help  than  we  anticipated,  as  most 
effluent  compounds  (likely  chlorinated)  eluted  at  retention  times  not  seen  before.  A  look 
at  the  hydrolysis  liquid  chromatogram  in  Figure  7.2  shows  we  had  limited  success  in 


138  ★  Methylene  Chloride  Hydrolysis  and  Oxidation  in  Supercritical  Water 

identifying  hydrolysis  liquid-phase  products. 

As  many  as  five  peaks  were  observed  to  elute  between  3.0  and  S.S  minutes  over 
the  course  of  experiments.  Two  are  shown  in  Figure  7.2.  Unfortunately,  these  peaks 
often  merge  into  one  another  and  are  of  varying  magnitudes,  such  that  reproducibility  and 
separation  are  very  difficult.  Formic  acid  (->11.8  minutes  retention  time)  was  present 
in  all  hydrolysis  experiment  liquid  effluent.  It  was  more  concentrated  in  the  run  at 
450  “C  than  in  the  chromatogram  shown,  but  remained  relatively  constant  over  the  entire 
temperature  range  investigated.  CHjCl^  (~31.8  minutes)  was  never  completely 
destroyed  by  hydrolysis  under  our  experimental  conditions.  Cis~  and  trans-C2^2^2 
always  appeared  together  when  present  (one  did  not  appear  without  the  other),  but  were 
not  detectable  in  the  hydrolysis  liquid  effluent  at  500  °C  and  below.  A  major 
shortcoming  in  our  analytic  work  was  the  inability  to  identify  the  compound  with  an 
elution  time  of  approximately  86.7  minutes.  This  product  was  rot  present  in  the 
hydrolysis  run  at  450  ”0,  but  did  form  in  the  hydrolysis  liquid  effluent  at  475  "C  and 
above.  Compared  to  the  other  peaks  in  the  chromatograms,  it  is  almost  always  the 
largest,  which  infers  it  absorbs  well  at  210  nm  (2100  A),  but  may  not  imply  a  relatively 
large  amount  is  present.  During  our  testing  of  possible  chlorinated  products,  we  learned 
that  this  compound  is  formed  when  pure  1,2  dichlorocthane  is  mixed  with  water.  Two 
peaks,  listed  in  Table  7.1,  elute  when  aqueous  1,2  dichlorocthane  is  analyzed,  one  of 
which  is  this  unidentified  compound.  Despite  additional  analytic  support  from  Merrimac 
College,  North  Andover,  Massachusetts  (Dr.  K.  C.  Swallow)  and  the  MIT  Core 
Analytical  Laboratory  (Dr.  Arthur  Laflcur  and  Elaine  Plummer;  in  attempting  to  isolate 
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and  identify  this  compound,  its  identity  as  of  this  writing  (May  1993)  is  still  unknown. 
This  compound  does  not  appear  to  be  1,2  dichloroethane,  due  to  its  relatively  long 
elution  time.  Additionally,  calibrating  this  peak  as  1,2  dichloroethane  results  in 
unreasonable  caibon  and  chlorine  balances  in  our  experiments.  However,  we  think  this 
compound  is  primarily  responsible  for  the  overall  low  caibon  and  chlorine  balances  found 
in  Tables  10.5  through  10.7.  Particularly  frustrating  is  the  fact  that  this  compound  is  an 
even  more  prominent  product  in  the  oxidation  of  CH2C12-  Based  on  other  tested 
compound  elution  times,  we  think  this  unidentified  compound  is  multi-chlorinated  and 
probably  contains  a  C=C  bond.  Identif>cation  of  this  compound  is  part  of  the  ongoing 
research  by  the  supercritical  water  research  group  at  MIT,  and  material  presented  in  this 
work  will  be  updated  once  this  compound  is  identified.  It  is  imperative  to  note  that  the 
mass  balances  presented  in  Tables  10.5  -  10.7  are  based  solely  on  the  carbon  products 
in  the  gaseous  phase  and  chloride  concentrations  determined  from  the  liquid  phase. 
Identification  of  the  chlorinated  and  non-chlorinated  liquid  products  came  too  late  for 
additional  calibration  and  analytical  work  to  be  included  in  this  study.  Cursory 
examination  of  those  products  with  known  identities  in  the  liquid-phase  effluent  indicates 
that  their  concentrations  may  be  such  that  their  inclusion  in  material  balances  may  give 
little  improvement.  Major  improvement  in  carbon  and  chlorine  closures  may  not  occur 
until  identification  of  the  peak  with  the  86.7  minute  elution  dme. 

As  alluded  to,  the  chromatogram  shown  is  also  the  chromatogram  with  the  most 
peaks  of  all  the  hydrolysis  experiments.  Even  without  identification  of  all  liquid  effluent 
products,  one  aspect  is  strikingly  evident.  Supercritical  water,  typically  thought  of  as  a 
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destructive  environment,  does  have  the  potential  to  provide  a  medium  for  constructive, 
additive  chemical  synthesis  under  thermohydrolysis  or  pyrolytic  mechanisms.  Tne 
observation  that  1,2  dichloroethylene  is  detected  only  above  500  "C  and  exhibits  an 
overall  increase  in  concentration  at  higher  temperatures  (575  ®C)  reveals  a  production  of 
more  complex  molecules  from  methylene  chloride  is  possible.  Identification  of  the  86.6 
minute  peak  may  further  substantiate  this  observation. 

7.5  Derivation  of  Global  Rate  Expression 

Justification  in  describing  our  apparatus  as  an  isothermal  plug-flow  reactor  and  pertinent 
assumptions  have  already  been  addressed  in  Section  6.4. 

The  reaction  rate  is  assumed  to  be  in  the  form  of  a  global  rate  expression, 

^ca,a,  *  *  (7.1) 

with  the  rate  constant  k  in  the  Arrhenius  form 


Jfe  =  A  cxpiEJRT) 


(7.2) 


Total  oxidation  of  methylene  chloride  proceeds  as: 

C/fjOj  ♦  Oj  -  COj  +  2HCI 

Applying  this  stoichiometry  to  the  isothermal,  plug-flow  equation  (Equation  6. 1),  the 
following  equation  is  derived: 
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with:  [CH2CI2  h~  initial  concentration  at  reactor  inlet 

X  -  methylene  chloride  conversion 
while  r  and  it  are  as  previously  defined. 

A  nonlinear  multivariable  regression  program  employing  a  modified  Marquardt 
method  (Press  et  al.,  1986)  was  used  to  obtain  best-fit  values  of  the  rate  parameters  A, 
Eg,  a,  and  b.  Of  the  thirty-four  oxidation  experiments,  at  least  five  (Runs  325, 327, 329, 
331,  and  333)  experiments  were  found  to  have  no  statistically  different  effect  on 
conversion  of  methylene  chloride  than  hydrolysis  at  corresponding  conditions.  These 
results  were  also  suspect  (as  discussed  in  Section  7.S),  because  CH2CI2  conversion  varied 
little  over  the  range  450  to  550  “C,  and  therefore  these  five  runs  were  not  included  in 
the  oxidation  regression;  correlation  was  based  on  the  remaining  29  experiments.  As 
observed  by  Liepa  (1988)  under  catalytic  oxidation  of  gas  phase  methylene  chloride, 
substantial  selectivity  to  carbon  monoxide  as  opposed  to  carbon  dioxide  was  observed. 
Consequently,  it  was  more  appropriate  to  use  an  5  (stoichiometric  ratio)  value  not  for 
complete  conversion  of  the  organic  to  C02»  Partial  oxidation  to  the  intermediate, 
CO.  For  reasons  detailed  in  Section  10.1,  S  was  given  the  value  of  'A,  commensurate 
with  partial  CH2CI2  oxidation: 


CH2CI2  +  V2O2  -  CO  *  2HCI 
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With  temperature  as  the  predicted  variable  (see  Chapter  10),  the  best  fit  expression  is 

-  10’-®*^^  exp(-^^^)  (7.4) 

Units  for  the  rate  is  mole/cm^  s‘S  concentration  is  in  mol/cm®,  and  activation  energy  is 
in  kJ/mol.  All  parameter  are  given  with  a  9S%  confidence  interval  and  were  determined 
by  an  ANOVA  routine  (Press  et  al.,  1986).  Since  the  parameter  b,  the  reaction  order 
with  respect  to  oxygen,  was  not  statistically  significant  at  this  level  of  confidence,  b  was 
eliminated  ftom  the  rate  expression  and  the  remaining  parameters  regressed  again.  The 
new,  3-parameter  rate  expression  became: 

exp(-'i^.^-?)  (7.5) 

Now  notice  that  a,  the  hydrogen  reaction  order,  is  also  not  statistically  distinct  from  a 
value  of  1 .0  at  this  95  %  confidence  interval.  With  assumed  first-order  behavior,  Equation 
7.3  reduces  to: 

Jk  =  -In  (l-X)/t  (7-6) 

Setting  fl  =  1,  a  third  regression  of  the  pre-exponential  and  activation  energy  parameters 
gives: 


exp( 


-142±32 

KT 


)  [c/fjCy 


(7.7) 


Note  that  the  regressed  Arrhenius  parameters  A  and  of  the  three  rate  forms  found  in 
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Equations  7.4,  7.5,  and  7.7  fall  within  the  95%  confidence  interval  of  each  other.  The 
sntall  variability  of  A  and  among  the  three  rate  forms  indicates  these  parameters’ 
independence  of  the  reaction  orders.  The  correlation  coefficient  (r^ )  for  all  three  rate 
forms  was  0.74,  vnth  F-statistics  of  29,  39,  and  79  for  Equations  7.4,  7.5,  and  7.7, 
respectively.  The  somewhat  low  correlation  coefficient  may  be  partly  due  to  the 
regression  encompassing  only  two  temperatures  (tuventy-three  experiments  at  500  °C  and 
six  experiments  at  535  ‘’C).  Statistically,  the  extra  parameters  in  Equations  7.4  and  7.5 
did  not  improve  the  accuracy  of  the  global  rate  expression;  thus  Equation  7.7  sufficiently 
correlates  the  experimental  data. 

Figure  7.5  shows  the  Arrhenius  plot  obtained  from  all  the  oxidation  data  reported 
in  Tables  10.5  - 10.7  of  the  Appendix  (Section  10).  These  data  represent  the  combined 
action  of  hydrolysis  and  oxidation,  as  both  occur  simultaneously.  Error  bars  represent 
a  95  %  confidence  interval.  Th  j  straight  line  shown  represents  the  best-fit  rate  expression 
of  Equation  7.7,  based  or  regression  of  29  open-circle  data  points  in  the  two  "stacks" 
of  data.  The  five  data  points  withheld  from  regression  are  depicted  by  darkened  circles. 
Note  that  the  darkened  circle  at  500  °C  is  almost  totally  masked  by  the  stacking  of  data 
points.These  were  the  first  series  of  oxidation  experiments  conducted  and  their  profile 
on  the  Arrhenius  plot  is  suspicious.  Note  that  they  indicate  that  the  reaction  rate  constant 
remains  essentially  unchanged  in  the  temperature  range  450  to  550  °C.  With  all  other 
reaction  conditions  held  constant,  this  underscores  the  fact  that  each  experiment  gave 
virtually  the  same  conversion  (  —  50%)  over  this  100  "C  temperature  range.  As  with 
hydrolysis,  this  seems  quite  incredulous,  since  the  rate  of  reaction  depends  exponentially 
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Figure  7^  Assumed  First-Order  Arriienius  Plot  for  Methylene  Chloride  Oxidation 
in  Supercritical  Water  at  246  bar.  Linear  least  squares  fit  is 
shown,  corresponding  to  Equation  7.7.  Data  represent  the  combined  effect 
of  hydrolysis  and  oxidation,  which  occur  simultaneously.  Error  bars 
rrorescnt  95%  confidence  intervals. 
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on  temperature  through  the  rate  constant,  k.  Inclusion  of  these  data  points  in  the 
nonlinear  multivariable  regression  is  therefore  deferred  until  verification  of  the  data  by 
subsequent  investigators  (see  Chapter  9,  Recommendations).  Induaon  of  these  data  in 
the  regression  still  gives  values  within  the  window  of  error  for  each  parameter  in 
Equation  7.4,  but  the  values  of  the  95%  confidence  intervals  virtually  doubles,  and  the 
correlation  coefficient  (r^  )adjusted  for  degrees  of  freedom  decreases  from  0.74  to  0.30. 

Two  other  characteristics  of  the  Arrhenius  plot  are  worth  mention.  A  general 
increase  in  the  size  of  the  error  bars  is  expected  at  lower  conversions  (temperatures),  as 
was  observed  in  the  acetic  acid  results  (Figure  6.1)  and  explained  in  Section  10.1.  This 
trend  is  not  evident  in  Figure  7.5,  because  conversion  at  the  lower  temperatures  (450  - 
500  °C)  is  still  relatively  high  (—50%),  evidently  due  to  hydrolysis. 

The  other  noteworthy  observance  occurs  in  the  "stacking’  of  data  points  at  5(X) 
and  525°C.  The  scatter  of  these  points  is  clearly  not  due  to  experimental  error  alone, 
but  may  be  partially  due  to  an  identified  induction  time.  This  phenomenon  has  been 
previously  observed  by  Holgate  (1993)  in  supercritical  water  oxidation  of  hydrogen  and 
carbon  monoxide,  and  in  our  previous  results  with  acetic  acid. 

7.6  Apparent  Induction  Times  and  Methylene  Chloride  Decay  Profiles 
Six  sets  of  experiments  were  conducted  to  investigate  methylene  chloride  oxidation.  The 
first  set  varied  temperature  from  450  -  575  °C  while  keeping  pressure  (246  bar),  reactor 
residence  time  (6  seconds)  and  inlet  feed  concentrations  (stoichionwti.j,  [CH2CI2I0  = 
1x10^  mol/cm^  and  [OJo  =  1x10"^  mol/cm^)  constant.  The  next  three  sets  of 
experiments  were  conducted  at  525  °C  and  246  bar.  Of  these  three,  one  set  was 
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conducted  at  a  stoichiometric  ratio  (1:1)  of  feeds  with  [GHjC^o  =  1  x  10^  mol/cm^  and 
[OJo  =  1x10^  mol/cm^,  varying  residwice  time  from  4.3  to  9.8  seconds.  The  two 
other  sets  of  experiments,  conducted  to  help  verify  global  reaction  o:  Jer  with  respect  to 
oxygen,  were  conducted  at  oxygen  to  methylene  chloride  feed  latios  of  2;  1  (oxygen-rich) 
and  0.5:1  (oxygen-lean),  respectively.  Reactor  inlet  methylene  chloride  concentrations 
were  kq)t  at  (CHjClJo  =  1  x  10^  mol/cm^  and  residence  time  was  varied.  The  fifth  set 
of  experiments  were  conducted  at  500  **€  and  246  bar  with  stoichiometric  feeds  of 
[CHjClJo  =  1 X 10^  mol/cm^  and  [OJo  =  1  x  10^  mol/cm^.  The  last  set  of  runs  kept 
a  stoichiometric  feed  ratio,  but  increased  both  feed  concentrations  to  2x10^  mol/cm^. 
This  series  of  experiments  was  halted  after  3  runs  due  to  visible  signs  of  corrosion  during 
oxidation  (Section  7.8).  These  conditions  were  chosen  to  give  a  wide  range  of  both 
residence  time  and  conversion,  as  constrained  by  our  apparatus. 

A  normalized  plot  of  CH2CI2  decay  under  stoichiometric,  oxygen-rich  and 
oxygen-lean  initial  feed  concentrations  is  shown  in  Figure  7.6.  The  utility  and  derivation 
of  such  a  plot  was  discussed  in  Section  6.5.  All  series  of  experiments  appear  to  follow 
exponential  decay.  As  observed  in  oxidation  of  other  organic  compounds  (i.e., 
hydrogen,  carbon  monoxide,  acetic  acid)  in  supercritical  water,  extrapolation  of  these 
decay  curves  to  initial  concentration  ([CH2Cl2]/[CH2Cl2]o  =  1)  suggests  the  presence  of 
an  induction  time  (r^  ).  The  Figure  7.6  data  are  replotted  in  Figure  7.7  using  a 
logarithmic  ordinate.  In  (C/C^^),  to  linearize  the  decays.  Again,  all  data  sets  exhibit 
exponential  decay,  and  extrapolation  to  In  ([CH2Cl2]/[CH2Cl2]o)  =  0  results  in 
estimates  of  induction  times.  Note  that  the  three  concentration  data  sets  appear  to 
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Fl^re  7.6  Nonnalized  Decay  Profiles  for  Stoichiometric  OxiMon  of  Methylene 
Chloride  in  Supercritical  Water,  Showing  Induction  Times.  Curves  are 
exponential  fits  to  data  points.  Error  bars  show  95%  confidence  intervals. 
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have  the  came  decay  constant  and  have  the  same  slope  within  regression  error.  There 
is  large  error  associated  with  induction  dme,  and  a  conclusive  analysis  about  how  oxygen 
concentration  effects  cannot  be  made,  although  the  plot  suggests  it  has  little  effect. 

Figures  7.6  and  7.7  help  confirm  the  derived  global  rate  expression  in  Equation 
7.7,  in  that  a  change  in  oxygen  feed  concentudon  by  a  factor  of  four  (from  0.5  x  10^ 
mol/cm^  to  2  X 10^  mol/cm^  had  litde  eHiect  on  the  reacdon  rate.  In  fact,  (Aservadon 
that  the  linear  fits  do  not  lie  on  the  exact  same  path  may  be  more  attributable  to  our 
ability  to  reproduce  experimental  condidons  between  corresponding  runs,  rather  than  a 
result  of  the  effect  of  oxygen. 

Finally,  we  should  remember  that  if  the  data  in  the  first  (temperature  variant) 
series  of  experiments  holds  true,  the  observed  decay  of  CH2CI2  is  due  more  to  hydrolysis 
than  oxidadon.  The  oxidadcn  data  shown  here  are  global  observadons  and  show  the 
combined  effect  of  oxidation  and  hydrolysis.  Derived  decay  constants  and  induction 
times  are  summarized  in  Table  7.2. 

in  analyzing  the  experimental  data  for  stoichiometric  oxidadon  at  500  °C  with 
varying  residence  time,  we  obtained  somewhat  confusing  results.  As  with  previous 
experiments,  the  data  fit  an  exponential  decay  curve  well.  But  in  a  plot  of  C/Cj^,  versus 
residence  time,  the  exponential  decay  curve  extrapolated  to  ([CH2Cl2]/[CH2Cl2]u)  •  0.85 
at  t  =0.  This  suggests  that  only  85%  of  the  original  feed  was  present  at  the  reactor  inlet 
(if  the  exponential  decay  holds  throughout  the  reactor).  This  is  quite  plausible, 
considering  preheating  may  have  caused  some  degradation  of  CH2CI2.  But  why  was  this 
effect  evident  at  500  "C  and  not  during  any  of  the  tlirce  previous  series  of 
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Figure  7.7  Normalized  Decay  Profiles  for  Stoichiometric  Oxidation  of  Methylene 
Chloride  in  Supercritical  Water  at  525  "C  and  246  bar,  Showing 
Induction  Times.  Conditions  as  in  Figure  7.6,  but  concentration  ordinate 
is  on  a  logarithmic  scale.  Lines  are  linear  fits  to  data,  indicating 
exponential  decay.  Intervals  shown  are  to  95%  confidence. 
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Table  7.2  Apparent  Induction  'fimes  and  Decay  Constants  for  Methylene 
Chloride  Oxidation  at  246  bar  and  525  **C.  Intervals  represent  95% 
confidence  levels. 
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experiments  at  525  °C?  Preheater  heat  transfer  and  water  density  change  is  such  that  at 
higher  sand  bath  temperatures,  the  organic  feed  will  reach  a  higher  temperature  prior  to 
entering  the  reactor  inlet  compared  to  lower  sand  bath  temperatures  (Holgate,  1993). 
However,  the  feed  will  be  at  these  higher  temperatures  for  a  shorter  period  of  time  than 
at  a  lower  sand  bath  setting.  This  phenomena  may  have  had  some  effect  on  our  observed 
results.  As  seen  in  Figure  7,8,  the  slope  of  the  linear  fit  at  500  ®C  is  lower  than  its 
comparable  series  of  runs  conducted  at  525  This  is  as  would  be  expected,  since 
higher  temperatures  should  produce  faster  reaction  rates  (steeper  slopes),  considering  that 
the  reaction  rate  constant,  k,  depends  exponentially  on  temperature.  But  unlike  previous 
observations  of  methylene  chloride  oxidation,  the  intercept  at 
In  ([CH2Cl2]/[CH2Cl2]o)  =  0  does  not  give  physically  achievable  results.  The  most  likely 
explanation  for  this  unexpected  intercept  may  be  experimental  error.  The  arrows  in 
Figure  7.8  graphically  portray  the  limits  in  the  error  of  the  slope,  based  on  data  error 
bars  (the  data  point  at  r  »  8  seconds  was  not  included  in  this  illustration).  Induction 
time  r  =  0  (and  greater)  clearly  falls  within  the  window  of  error  of  the  slope.  Table  7.2 
shows,  the  error  associated  with  this  intercept  is  quite  large  relative  to  the  absolute  value 
of  the  intercept,  and  may  very  well  be  zero  within  experimental  error  (Section  4.4). 
A  similar  trend  seemed  to  be  forming  for  our  last  series  of  runs  (2:2  stoichiometric  feed) 
which  was  discontinued  after  evidence  of  corrosion.  This  series  of  experiments  did  not 
warrant  a  plot,  since  it  had  only  three  data  points.  It  is  unknown  what  effect  corrosion 
may  have  had  on  kinetics.  Further  investigation  is  needed  into  kinetics  under  these 
conditions  as  well  as  calculation  of  preheater  effects. 


[CHXU 
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Figure  7.8  Normalized  Decay  Profiles  for  Oxidation  of  Methylene  Chloride  in 
Supercritical  Water  at  525  and  500  with  lh*essure  of  246  bar. 
Concentration  ordinate  is  on  a  logarithmic  scale.  Nominal  feed 
concentrations  are  1  x  10^  mol/cm^  for  both  O2  and  CH2C12.  Lines  are 
linear  fits  to  data,  suggesting  exponential  decay.  Error  bars  represent  95  % 
confidence  intervals.  Arrows  indicate  approximate  95  %  limit  of  confidence 
on  the  slope  of  the  line  through  data  at  500  '’C. 


Residence  Time  (sec) 


Initial  Conditions  Effects  on  Products  *  153 

7.7  Initial  Conditions  Effects  on  Products 

Figure  7.9  shows  how  major  (CO  and  CP2)  gaseous  product  yields  are  influenced 
when  initial  oxygen  feed  is  increased  by  a  factor  of  four,  with  all  other  experimental 
variables  (pressure,  temperature,  residence  time,  initial  CH2CI2  concentration)  held 
constant.  The  increase  in  CO2  is  accompanied  by  a  corresponding  decrease  in  CO. 
This  is  consistent  with  the  slight  oxygen  dependence  of  CO  oxidation  in  supercritical 
water  found  by  Holgate  (1993).  Also  note  that  the  rate  of  CH2CI2  decay  remains 
essentially  unchanged. 

Figures  7. 10  and  7, 1 1  compare  liquid  effluent  chromatograms  from  various  initial 
feed  conditions.  Each  chromatogram  is  representative  of  the  analysis  seen  in  other 
experiments  of  its  series.  Identification  of  liquid  products  was  difficult,  as  discussed  in 
Section  7.4.  Still,  some  positive  identifications  were  made,  and  work  continues  as  of  this 
writing  (May  1993)  to  resolve  all  peaks.  A  table  of  currently  identified  peaks  is  found 
in  Table  7.3. 

Note  the  relative  consistency  in  all  chromatograms.  Multiple,  merged  peaks  were 
still  evident  between  2.5  -  5.5  minute  eiudon  times,  with  the  peak  at  approximately  5.0 
minutes  showing  the  most  absorbance.  Formic  acid  (11.8  minutes)  was  present  in  all 
samples,  as  was  the  unidentified  compound  (86.7  minutes)  found  in  hydrolysis.  The 
continual  presence  of  the  peak  at  17.7  minutes  is  of  particular  note  in  that  this  compound 
was  also  present  in  acetic  acid  oxidation  In  supercritical  water.  It  is  therefore  not  likely 
to  be  a  chlorinated  compound,  and  is  also  not  one  of  the  50  or  so  organics  tested.  Cis- 
and  trans-1,2  dichloroethylene  are,  as  in  hydrolysis,  always  present  together.  In  the 
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Figure  7.9  Gaseous  Product  Profiles  for  Oxidation  of  Methylene  Chloride  in 
Supercritical  Water  at  525  with  Pressure  of  246  bar. 

Nominal  feed  concentrations  are  1  x  10^  mol/cm^  for  CH2CI2  with 
02:CH2Cl2  ratios  as  indicated.  Lines  are  linear  fits  for  clarity  only.  Error 
bars  rq)resent  95%  confidence  intervals. 
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Figure  7.10  Reactor  Liquid  Effluent  Chromatograms.  Reactor  conditions  of 525  °C, 
246  bar,  reactor  residence  time  of  7  seconds,  and  [CH2Cl2]o  =  1  x  lO"* 
mol/cm^  with  [O^  l:[CH2Q2l)  “  indicated. 


Run  349A,  Sample  #2  (03:1) 


Run  337,  Sample  #3  (1:1) 
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Figure  7.11  Reactor  Liquid  Effluent  Chromatograms.  Reactor  conditions  for  Run 
#343:  525  ®C,  246  bar,  reactor  residence  time  of  7  seconds,  with 
[CHjClJo*  IxlO^mol/cm^  and  [OJo  =  2xl0'^moycm^  reactur 
conditions  for  Run  #361:  525  ®C,  246  bar,  reactor  residence  of  8 
seconds,  with  [Cii2Cl2\o~  2xl0^mol/cm^  and  [02]o=2xlf  V*ol/cm^. 


Ron  343,  Sample  #2  (2:1) 


Run  361,  Sample  #3  (2:2) 
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Table  7.3  M^or  Liquid  EfTIuent  Products  from  Methylene  Chloride  Hydroiysis 
(Oi^gen-Free)  and  Oxidation  Runs  in  Supercritical  Water.  Based  on 
liquid  chromatography  absorbance  at  210  nm. 
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0.5:1  feed  chromatogram,  the  cis-  configuration  was  present  as  can  be  seen  by  a  small 
peak  at  s^roximately  51.2  minutes,  but  was  not  categorized  as  a  peak  with  our 
analytical  method,  because  of  it  fell  below  the  set  limit  of  peak  height.  Neither  cis-  nor 
trans-  were  detected  in  the  2:1  feed,  but  both  are  still  clearly  present  (in  very  minute 
quantities  that  are  slightly  below  the  limit  of  detection  with  our  method).  The  doubling 
of  initial  CH2CI2  concentration  gives  well  defmed  cis-  and  trans-1,2  dichloroethylene 
peaks  in  the  2:2  chromatogram.  One  last  general  observation  is  interesting.  Note  the 
slight  rise  or  bulge  in  the  baselines  of  the  0.5:1,  1:1,  and  2:1  chromatograms  near  the 
trans-1,2  dichloroethylene  (—45  minutes)  peak.  This  drift  was  observed  only  after 
experiments  were  well  underway.  In  each  chromatogram  in  which  it  is  present,  it  is  a 
very  slow  eluting  peak  from  the  previously  injected  sample.  It  is  not  a  well-defined 
peak,  but  has  a  consistent  elution  time  of  about  150  minutes.  The  peak  is  located  at 
different  elution  times  on  each  chromatogram  because  time  between  sample  injections 
into  the  HPLC  varied  by  a  few  minutes.  It  may  have  actually  caused  the  53.6  minute 
peak  observed  in  the  chromatogram  of  the  1:1  run;  the  53.6  minute  peak  is  not  found  in 
the  other  chromatograms.  At  times  this  bulge  masked  or  distorted  peaks  in  the  40  -  55 
minute  elution  range.  It  has  an  actual  elution  time  of  approximately  150  minutes,  which 
was  well-beyond  our  method  which  employed  a  105-minute  sampling  time.  Again, 
quantification  of  most  know  peaks  results  in  small  concentrations,  not  usually  enough  to 
effect  carbon  and  chlorine  balances  significantly.  Improvement  in  the  material  balances 
may  only  be  profoundly  improved  when  the  compound  eluting  at  86.7  minutes  is 


resolved. 


Corrosion  ★  159 

Liquid  effluent  pH,  measured  by  pH  indicator,  remained  consistent  at 
approximately  2.0  to  l.S  for  all  experiments,  except  for  the  2:2  feed  effluent,  which 
measured  about  1.0.  Chloride  ion  concentration  was  measured  for  each  sample  via  the 
ion-electrode  method  described  in  Section  4.2.  Chloride  ion  concentration  doubled  in  the 
liquid  effluent  when  the  reactor  residence  time  was  doubled  from  4.S  to  9.0  seconds  for 
stoichiometric,  oxygen-rich,  and  oxygen-lean  conditions. 

7.8  Corrosion 

After  reaching  desired  reactor  conditions  for  run  330,  the  liquid  effluent  flow  rate 
dropped  drastically  upon  changing  over  to  organic  feed.  This  is  normally  due  to  air 
tr^ped  in  the  organic  or  oxygen  side  pump  head  and  is  corrected  by  momentarily 
venting  the  pump,  whereby  the  flow  rate  returns  to  normal.  In  following  this  corrective 
procedure,  a  rust-like  color  of  effluent  was  evident.  Instead  of  the  normally  observed 
clear  water,  this  solution  had  the  color  of  coffee  with  cream.  The  flow  returned  to  the 
normal  rate,  but  was  still  slightly  tainted  with  this  contamination,  for  a  few  minutes 
before  the  liquid  effluent  ran  clear  again.  This  effluent  was  collected  and  subsequently 
analyzed.  No  further  observations  of  this  colored  effluent  were  recorded.  Upon  startup 
of  the  reactor  system  the  next  morning,  the  first  100  ml  of  effluent  were  again  colored. 
It  then  cleared  and  was  not  observed  during  the  remainder  of  the  heating  up  period  nor 
during  actual  oxidation  or  hydrolysis.  The  next  morning’s  startup  gave  similar  results. 
An  attempt  was  made  to  flush  the  system  after  the  oxidation  experiments  for  the  day 
were  concluded.  Upon  switching  to  pure  water  feed,  the  discoloration  was  again  present. 
Over  the  next  few  days,  discolored  water  was  observed  anytime  pure  water  was  pumped 


160  it  Methylene  Chloride  Hydrolysis  and  Oxidation  in  Supercritical  Water 

through  the  system  following  oxidation  experiments. 

Within  about  a  week  of  beginning  the  methylene  chloride  experiments,  the 
Inomel-sheathed  thermocouple  located  in  the  reactor  exit  failed.  Physical  inspection 
revealed  a  small  hole  had  been  created  in  the  tubular  wall  of  the  thermocouple.  It  is  not 
known  whether  this  was  specifically  caused  by  the  methylene  chloride  experiments,  or 
was  simply  the  result  of  many  months  of  use  and  degradation. 

With  replacement  of  the  thermocouple,  kinetic  experiments  were  continued.  The 
discolored  liquid  effluent  was  seen  each  time  pure  water  feed  followed  an  oxidation 
experiment.  No  discoloration  was  noticed  any  time  the  organic  and  oxygen  feeds  were 
being  pumped  througl  ie  system.  Pure  water  feed  was  run  through  the  reactor  system 
after  the  first  runs  in  which  methylene  chloride  concentration  was  doubled  to  2x10^ 
mol/cm^.  Again  the  discolored  effluent  was  noticed,  only  darker  and  seemingly  more 
concentrated  than  before.  In  continuing  these  more  concentrated  experiments  the  next 
day,  the  effluent  flow  began  decreasing  again,  with  no  apparent  system  pressure  changes. 
Voiting  the  pumps  corrected  the  flow  initially,  but  subsequent  flow  of  organic  and 
oxidant  gave  effluent  with  a  distinctly  yellow  tint.  Additionally,  the  recently  replaced 
reactor  exit  thermocouple  seemed  to  be  giving  temperature  readings  about  4  °C  lower 
than  what  was  expected,  based  on  temperature  readings  of  other  thermocouples  in  the 
system.  Measurement  and  calculation  of  the  resistivity  of  the  thermocouple  while  still 
hot  indicated  that  its  resistivity  may  have  dropped  from  its  initial  value,  thereby  giving 
false  readings.  This  could  be  caused  by  a  thinning  of  the  thermocouple  sheathing.  We 
had  been  given  prior  notice  that  the  appearance  of  a  yellow  effluent  in  other  supercritical 


Cdrrosion  *  161 

water  oxidation  studies  was  indication  of  corrosion  most  likely  due  to  small  amounts  of 
dissolved  chromium.  Experiments  were  discontinued  until  a  more  thorough  analysis  of 
the  effluent  could  be  made. 

Numerous  samples  of  the  discolored  water  were  taken.  Upon  standing,  a 
precipitate  settles  to  the  bottom.  This  precipitate  was  filtered  and  evaluated  using  x-ray 
analysis  with  a  scanning  electron  microscope.  Preliminary  results  showed  the  precipitate 
contained  significant  amounts  of  nickel,  iron,  and  chromium.  Analysis  of  the  yellow- 
tainted  reactor  effluent  has  not  been  completed  at  the  time  of  this  writing. 

/ 

/ 
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Chapter  8 
Conclusions 

1.  Glucose  hydrolysis  and  oxidation.  Glucose  is  quickly  destroyed  under  hydrolysis  and 
oxidative  conditions  in  supercridcal  water.  Both  reactions  produce  significant 
gasification,  although  oxygen  accelerates  destruction  of  the  intermediate  products. 
Reaction  kinetics  were  too  fast  under  our  operating  conditions  in  our  reactor  apparatus 
to  obtain  a  global  rate  expression.  Major  intermediate  products  in  the  liquid-phase  of 
glucose  hydrolysis  and  oxidation  are  acetic  acid,  acetonylacetone,  propenoic  acid,  and 
acetaldehyde.  Gas-phase  intermediate  products  are  carbon  monoxide,  methane,  ethane, 
ethylene,  and  hydrogen. 

2.  Measurement  of  oxidation  kinetics.  The  oxidation  kinetics  of  acetic  acid  were 
examined  at  246  bar  and  425  -  600  "C  and  over  an  extended  range  of  fuel  equivalence 
ratios.  Over  the  range  studied,  the  reaction  is  nearly  fint-order  (0.72±0.15)  in  acetic 
acid  and  fractionally  (0.27±0.15)  dependent  on  oxygen,  with  an  activation  energy  of 
168±21  kJ/mol.  Methylene  chloride  oxidation  is  first-order  in  CH2CI2  with  an  activation 
energy  of  142  ±32  kJ/moIe.  Methylene  chloride  hydrolysis  plays  a  significant  role  in  the 
destruction  of  CH2CI2  in  supercritical  water. 

3.  Identification  of  induction  times.  As  found  in  previous  studies  of  model  compound 
oxidation  in  supercritical  water  (Holgatc,  1993),  acetic  acid  and  methylene  chloride 
exhibit  a  delayed  reaction  ignition,  or  induction  time.  This  is  indicative  of  free-radical 
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mechanisms  and  complicates  global  reaction  modeling. 

4.  Effects  of  operating  pressure.  Acetic  acid  oxidation  in  supercritical  water  is  less 
pressure  (water  density)  dependent  than  carbon  moncude  or  hydrogen  (Holgate,  1993). 
The  presence  of  an  induction  time  distorts  the  pressure  effect,  making  reaction  rates  seem 
more  pressure  dependent  than  they  truly  are. 

5.  Corrosion.  Methylene  chloride  oxidation  and  hydrolysis  in  supercritical  water  can 
cause  visible  signs  of  corrosion. 


Chapter  9 
Recommendations 


1.  Enhanced  experimental  capabilities.  Changes  to  the  current  apparatus  system,  or 
construction  of  a  new  system  are  necessary  to  widen  the  operating  conditions  (namely, 
concentrations  and  residence  time).  Larger  diameter  reactors  would  decrease  surface 
effects  observed  by  Holgate  (1993).  Use  of  higher  capacity  feed  pumps  would  also 
require  more  heating  capacity  than  currently  available  with  the  present  fluidized  sand 
bath,  and  more  cooling  capacity  than  the  current  shell-and-tubc  countercurrent  heat 
exchanger. 

2.  Enhanced  analytical  capabilities.  Although  SCWO  of  compounds  rapidly  destroys 
many  compounds,  identification  of  refractory  products  and  intermediates  is  needed  to 
fully  characterize  reaction  mechanisms.  Positive  identification  of  intermediates  and 
products  will  require  more  sophisticated  analytical  techniques,  such  as  liquid 
chromatography  with  mass  spectrometry.  Dedication  of  an  analytical  lab  facility  or 
analytical  chemist  is  needed. 

3.  Surface  area  effects.  A  packed  reactor  currently  available  in  our  lab  should  be  used 
to  investigate  what  effects  reactor  inner  walls  may  have  played  in  determining  oxidation 
kinetics  of  acetic  acid  and  methylene  chloride. 

4  Pressure  effects.  More  studies  are  needed  to  verify  pressure  effects  of  acetic  acid 
oxidation  in  supercritical  water.  Pressure  effect  experiments  are  also  needed  to 


166  ★  Recommendations 

determine  methylene  chloride  reaction  response  to  ch^ges  in  water  density 
(concentration). 

5.  Expanded  glucose  experiments.  Lower  operating  pressures  and/or  temperatures  are 
needed  to  quantify  the  global  oxidation  kinetics  for  glucose.  Experiments  in  the 
subciitical  regime  (wet-air  oxidation)  may  be  sufficient  to  destroy  glucose  and,  hence, 
cellulosic  wastes. 

6.  Additional  methylene  chloride  studies.  Verification  of  the  importance  of  hydrolysis 
in  conversion  of  CHjClj  is  needed,  particularly  over  varying  temperatures  in  the  450- 
550  ®C  temperature  regime.  Residence  time  studies  at  lower  (—450  “C)  temperatures 
and/or  pressures  may  be  needed  to  characterize  oxidation  and  hydrolysis  over  the  full 
range  of  convenion.  Recalculation  of  carbon  and  chlorine  balances  upon  identification 
of  the  liquid  chromatography  peak  with  86.7  minute  elution  time  should  be  done  to 
determine  if  product  effluent  has  been  well  characterized. 

7.  Co-oxidation.  With  a  general  understanding  of  global  reaction  rates  and  products  for 
a  growing  list  of  model  compounds,  co-oxidation  should  be  studied  to  investigate  what 
kinetic  effects  (if  any)  compounds  have  on  each  other.  This  is  more  representative  of 
the  SCWO  process,  where  mixtures  rather  than  pure  components  of  hazardous  wastes  are 
more  likely  to  be  processed. 

8.  Studies  of  additional  model  compounds.  The  database  of  kinetic  studies  and  products 
of  model  compound  oxidation  in  supercritical  water  should  be  expanded.  Persistent 
intermediates  identified  should  be  added  to  a  priority  list  of  compounds  to  investigate. 
Investigation  of  additional  model  compounds  containing  nitrogen,  sulfur,  and  phosphorus 
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heteroatoms  still  represent  an  important  class  of  wastes  that  have  not  been  adequately 
studied. 

9.  Alternative  oxidants.  The  applicability  of  using  other  compounds  as  hydroxyl  radical 
sources  should  be  explored.  Hydrogen  peroxide  has  already  been  used  and  shows  some 
augmentation  to  the  oxidation  process.  Understanding  of  fundamental  oxidation 
mechanisms  could  be  improved  through  a  careful  study  of  this  enhancement. 
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Chapter  10 
Appendices 


10.1  Regression  of  Global  Rate  Farameters 
Discussion  of  global  rate  parameter  regression  has  been  previously  addressed  by  earlier 
investigators  (Webley,  1989;  Holgate,  1993).  Co-worker  Holgate  gives  particular 
insight  into  assumptions  and  calculations  made  in  regressing  data  and  his  work  is 
paraphrased  here. 

The  functional  relationship  among  observables  in  our  reactor  apparatus  can  be 
described  by  the  plug-flow  equation 


(10.1) 


with  r  =  reactor  residence  time 

[CJ  =  initial  organic  concentration 
X  =  conversion 

Rg  —  rate  of  disappearance  of  C 
A  typical  reaction  rate  form  is 


R,‘k[Cr  [OJ* 


(10.2) 
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with  k,  the  rate  constant,  given  by  an  Arrhenius  form: 

k^A  expiEJRI)  (10.3) 

Using  the  deiinition  [C]  =  [C]o(l-X) ,  the  plug  flow  equation  can  be  rewritten: 
assuming  the  rate  of  disappearance  of  oxygen  is  directly  proportional  to  the  rate  of 
disappearance  of  C.  5  is  the  proportionality  given  by  the  stoichiometric  O2/C  ratio.  F 


klCt 


*b-l 


t 


/ 


dX 

il~Xf  (F~SXf 


(10.4) 


is  defined  as  the  O2/C  feed  ratio.  For  a  reaction  that  is  first  order  in  organic  (a=l, 
b-Q),  Equation  12.4  reduces  to  k  =  -In  {UX)/t.  For  other  values  of  a  and  Equation 
10.4  must  be  solved  numerically. 

Mathematically,  Equation  10.4  is  equivalent  to  the  coupled  ordinary  differential 
equations  (ODEs) 


dlCl/*=-ifc[Cr[Oj]*  (10.5a) 


dlOj}/dt=-S  d[C]/dt  (10.5b) 

with  the  initial  concentrations  of  [Cl,  for  the  organic  and  F  x  [Cl^  for  oxygen  initial 
concentration.  Equation  10.5a  and  10.5b  can  be  integrated  to  give  [C]  at  time  t  —r,  or 
X.  Therefore,  both  Equation  10.4  and  10.5a,b  describe  the  relationship  among  plug-flow 
reactor  variables,  and  either  the  integral  form  or  the  coupled  ODE  form  can  be  used  for 
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regression  purposes.  However,  both  methods  do  not  necessarily  give  the  same  results. 
Of  the  experimental  variables  (conversion  X,  feed  ratio  F,  residence  time  r,  initial 
organic  concentration  [C]^,  and  temperature  7),  X  is  the  dqMxfent  (predicted)  variable, 
since  its  value  is  fixed  by  the  choosing  the  values  of  the  other  variables.  The  integral 
form  of  the  plug-flow  equation  (Equation  10.4)  cannot  be  used  if  X  is  the  predicted 
variable,  since  X  (and  F)  must  be  known  to  solve  the  equation.  Using  Equation  10.4 
precludes  using  X  as  the  predicted  variable,  and  some  other  variable  (say,  T)  must  be 
chosen.  Conversely,  using  Equations  10.5a  and  lO.Sb  requires  X  to  be  the  chosen 
variable  since  all  other  quantities  (T,  [C  ]„,  F,  t)  must  be  known  to  solve  the  coupled 
ODES. 

Since  the  coupled  ODEs  more  accurately  represent  the  physical  situation. 
Equations  lO.Sa  and  10.5b  might  be  considered  the  preferred  functional  relationship. 
However,  solving  the  ODEs  usually  requires  more  intense  computation  than  the  integral 
in  Equation  10.4.  Also,  X  may  not  be  the  preferable  predicted  variable  for  regression. 
Regression  seeks  to  minimize  the  difference  between  predicted  and  observed  values, 
regardless  to  the  absolute  magnitude  of  the  values  themselves.  When  variables  are  of  the 
same  order  of  magnitude,  using  X  as  the  predicted  varijd)le  is  fine.  If,  however, 
variables  vary  over  an  order  of  magnitude,  skewed  solutions  can  result.  For  example, 
experimental  conversions  can  vary  by  more  than  a  factor  of  ten  (e.g.,  from  5% 
conversion  to  95%).  With  conversion,  the  absolute  error  in  the  mea.sured  value  is  likely 
to  be  equal  to  or  greater  at  low  conversions  as  the  absolute  errors  at  high  conversions. 
A  2%  difference  in  conversion  at  5%  conversion  can  be  a  much  more  serious  error  than 


5 
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a  2%  deviation  at  80%  conversion.  Holgate  (1993)  describes  this  phenomena  well: 
Consider  the  first-order  rate  constant,  1:  -In  (1-X )/  r.  Experimental  data  are  often 
presented  in  the  form  of  an  Arrhenius  plot,  with  In  k  plotted  against  1/  7 ;  the  best-fit 
rate  expression  should  give  a  straight  line  through  the  data.  The  fractional  error  in 
k(6]nk)  due  to  error  in  X  (5  X)  is  given  by 


aint  _ _ ^1 _ 

6X  ’  (i-;ioin(i-^ 


(10.7) 


For  X  =  80%,  an  error  of  2%  in  X  gives  an  error  of  about  6%  in  k;  but  for  X  =  5%, 
an  error  of  2%  gives  an  error  of  over  40%  in  kl  Choosing  X  as  the  predicted  variable 
can  effectively  weight  higher-temperature  (higher  conversion)  data  more  heavily  and  may 
yield  a  curve  fit  that  does  not  pass  through  all  the  data.  Choosing  A;  as  the  dependent 
variable,  or  weighting  data  may  or  may  not  improve  the  fit. 

The  problems  associated  with  weighting  of  data  can  be  alleviated  by  choosing  a 
different  predicted  variable.  T  (through  k)  is  the  best  choice  for  our  experimental 
apparatus,  since  it  is  known  to  relatively  high  precision,  and  normally  varies  by  less  than 
two  orders  of  magnitude  over  our  range  of  experimental  conditions,  r  could  be  used, 
but  it  is  known  only  to  limited  precision,  and  experiments  have  confirmed  that  reactions 
are  less  sensitive  to  residence  time  than  temperature.  [C],,  is  known  to  relatively  high 
precision,  but,  like  conversion,  it  can  vary  over  a  factor  of  ten.  Therefore,  the 
regressions  in  this  work  used  Equation  10.4 ,  'th  T  the  predicted  variable. 

The  choice  of  regressio;  approach  may  affect  the  values  of  the  regressed 
parameters  and  their  respective  errors  (Holgate,  1993). 
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Particular  mention  must  also  be  made  of  the  value  for  5 ,  the  stoichiometric  ratio, 
used  in  both  forms  of  the  plug-flow  equation.  For  reactions  where  there  are  no  stable 
intermediates,  S  is  well-defined  (e.g.,  hydrogen  oxidation).  For  oxidation  of  more 
complex  reactants,  such  as  glucose,  acetic  acid,  and  methylene  chloride,  the 
stoichiometric  ratio  is  usually  defined  by  the  amount  of  oxygen  need  to  completely 
convert  the  organic  to  CO2  and  H2O.  By  this  definition,  5  =  6  for  glucose,  5  ==  2  for 
acetic  acid,  and  5  =  1  for  methylene  chloride.  But  some  organic  oxidations  proceed 
through  intermediates  before  forming  CO2.  It  is  therefore  possible  to  oxidize  all  of  the 
organic  without  completely  converting  them  to  CO2.  Using  S  as  defined  by  total 
oxidation  in  either  plug-flow  equation  is  therefore  inappropriate,  and  may  lead  to 
incorrect  predictions  of  02-limited  organic  conversions  when  in  fact  it  is  the  carbon 
monoxide  conversion  that  is  02-limited.  The  proper  value  for  5  is  not  that  for  complete 
conversion  of  the  organic  to  CO2,  but  that  for  complete  conversion  to  CO  and  H2O. 
Thornton  and  Savage  (1990)  have  pointed  our  that  in  systems  where  the  number  and  /or 
identities  of  the  stable  intermediates  may  not  be  known,  it  is  not  possible  to  choose  a 
value  for  S  prior  to  conducting  a  number  of  experiments  under  excess  oxygen 
conditions.  In  vast  excess,  oxygen  concentration  remains  essentially  constant  and  the 
kinetic  results  are  independent  of  S. 
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lOJl  Tabulated  Experimental  Data 

Data  obtained  from  the  hydrolysis  and  oxidation  of  acedc  add  and  methylene  chloride 
are  contdned  in  the  following  tables.  Not  all  measured  and  calculated  quantities  are 
listed  for  each  experiment,  but  all  experiments  are  included  and  enough  data  is  given  to 
allow  calculation  of  quantities  not  listed,  if  such  information  is  desired. 

Runs  designated  with  the  suffix  *  A*  indicate  duplicates  of  earlier  experiments;  the 
results  of  the  original  experiment  were  discarded,  either  because  mass-balance  closure 
was  poor  or  because  experimental  conditions  varied  significantly  from  their  targeted 


values. 
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■ 

■  Table  10.1  Experimental  Data  for  4cetic  Acid  Hydrolysis  at  246  bar.  Intervals 

shown  are  to  95%  confidence, 

I 

I 


Carboa 


Rua 

■  No. 

1 

1 

Temperature 

®C 

ICHjCOOH], 

X 10^  mot/cm^ 

xlO^  mol/cm* 

T 

lecoQdt 

Coavertioo 

% 

In  k 

Balance 

Clocure 

% 

_  246A 

1 

550±1 

0.97  ±.03 

2.12±.06 

8.1  ±0.4 

13.7±3.4 

-4.01 

140.0 

■ 

249 

575±1 

1.06±.02 

2.0!  ±.05 

8.1  ±0.4 

26.7±2.4 

•3.26 

5i.2 

1  251 

500±3 

1.04  ±.03 

2.44  ±.07 

8.0±0.4 

3.5±3.8 

-4.96 

103.4 

1  “ 

525±1 

1.06  ±.03 

2.29  ±.06 

8.0±0.^ 

11.5±3.5 

-4.18 

0  1 

1 

600±l 

0.96  ±.03 

1.92±.06 

8.6±0.4 

35.2  ±2.7 

•2.99 

93.8 

B 

306 

475  ±1 

0.98±.03 

2.63  ±.07 

7.7±0.4 

5.9±3.5 

•4.85 

0.0 

B  307 

537±1 

0.97±.02 

2. 19  ±.05 

7.7±0.4 

13.1  ±2.2 

-4.00 

lOlJ 

1 

562±1 

0.98  ±.02 

2.07±.04 

7.7±0.4 

21.4±2.2 

-3.47 

75.2 

309 

I 

587±1 

0.99±.02 

1.91  ±.04 

7.6±0.4 

30.0  ±1.5 

-3.06 

87.3 

8 

310 

512±1 

0.96  ±.02 

2.33  ±.06 

7.7±0.4 

8.0±2.6 

-4.52 

104.5 
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Table  10^  Experimental  Data  for  Acetic  Acid  Oxidation  at  246  bar.  Intervals 
shown  are  to  95%  confidence. 


Carbon 


Run 

No. 

Temperature 

»C 

ICHjCOOHlo 

X 10^  mol/cm* 

X 10^  mol/cm* 

T 

seconds 

Cooveraioo 

% 

In  k 

s’* 

Balance 

Closure 

% 

247A 

550±1 

1.00±.03 

2.03±.07 

8.0±0.4 

98.0±0.3 

4).71 

99.1 

248 

475  ±1 

1.06±.03 

2.13±.08 

7.9±0.4 

14.1  ±3.6 

-3.95 

65.6 

250 

575±1 

1.08±.03 

2.04±.06 

8.0±0.4 

99.9±0.1 

0.18 

92.9 

252 

500±1 

1.04±.02 

2.I3±.06 

7.9±0.4 

18.9±2.0 

-3.64 

n.s 

254A 

525±1 

0.99±.02 

2.07±.02 

7.9±0.4 

52.7±2.9 

■2.35 

99.8 

256 

450±2 

0.98±.02 

2.13±.07 

8.2±0.4 

8.7±4.2 

-4  JO 

34.5 

258 

600±1  • 

0.97±.03 

2.07±.09 

8.4±0.4 

99.9  ±0.1 

0.13 

97.5 

260 

426±2 

0.99±.05 

2.10±.02 

8.3±0.5 

9.21  ±8.9 

-4.45 

10.4 

261 

525±2 

0.96±.03 

2.I2±.09 

5.1  ±0.3 

33.8±3.3 

-2.52 

92.4 

262 

525±1 

0.97±.05 

2.10±.02 

7J±0.5 

49.2±5.2 

-2.38 

86.4 

263A 

525±1 

0.99±.02 

2.06±.06 

8.8±0.4 

60.9±1.4 

-2.24 

98.9 

264 

525±2 

0.98±.04 

2.12±.12 

4.6±0.3 

31.0±4.7 

-2.51 

85.6 

265 

525±I 

0.98  ±.03 

2.I2±.07 

9.8±0.5 

62.2±1.7 

■2.31 

97.6 

266 

525±1 

0.98  ±.03 

2.08±.07 

5.9  ±0.3 

38.5  ±2.3 

-2.50 

99.3 

267 

525  ±2 

0.98  ±.03 

1.08±.05 

4.9  ±0.3 

29.6  ±3.4 

-2.63 

93.9 

268 

525±1 

0.98  ±.03 

l.08±.05 

8.8  ±0.5 

52.7±2.5 

-2.46 

98.3 

269 

525±1 

0.98±.03 

1.10±.05 

4.4  ±0.2 

27.7±3.5 

-2.61 

93.1 

270 

525±1 

0.99  ±.03 

1.09±.05 

7.0±0.4 

40.4±3.1 

-2.60 

97.1 
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Table  10^  (Continued)  Experimental  Data  for  Acetic  Acid  Oxidation  at  246 

bar.  Intervals  shown  are  to  95%  confidence. 


Rua 

No. 

Tooperatura 

*C 

ICHjCOOH], 

X  \Qr  mol/cm^ 

* 

xlO^  mol/cm' 

T 

■ecoods 

Coovwiioa 

% 

la  k 

1* 

Carboa 

BaUaoe 

Clonn 

% 

271 

525±1 

0.98±.03 

1.10±.05 

9.7±0.5 

55.1  ±2.4 

-2.49 

100.3 

272 

525±1 

0.97±.02 

1.10±.04 

5.9  ±0.3 

37.0±2.1 

-2.56 

94.8 

273 

525±1 

0.98±.03 

1.09±.04 

7.9±0.4 

47.9±2.0 

-2.49 

97.9 

274 

525±2 

0.98  ±.03 

3.86±.15 

4.9±0J 

46.9±2.6 

-2.04 

101.4 

275 

525±1 

0.99±.02 

3.85±.ll 

4.4±0.2 

41.6±1.8 

-2.09 

96.2 

276 

525±1 

0.98  ±.02 

3.87±.10 

6.9  ±0.3 

59.7±1.1 

-2.03 

lOOJl 

277 

525±1 

0.98±.02 

3.86±.10 

8.7±0.4 

70.0±0.9 

-1.97 

103.8 

278 

525±1 

0.99±.02 

3.86±.ll 

5.9±0.3 

52.8±1.7 

-2.06 

98.9 

279 

525±1 

0.99±.02 

3.85±.ll 

7.8±0.4 

66.4  ±1.0 

-1.96 

100.8 

280 

525±1 

1.00±.02 

3.88±.ll 

9.7±0.5 

76.5  ±0.7 

-1.91 

101.1 

281 

525±1 

0.098±.002 

1.08±.04 

7.9±0.4 

72.4±1.0 

•1.82 

108.3 

282 

525±1 

0.50±.0I 

1.06±.04 

7.9±0.4 

51.8±2.9 

•2.39 

93.6 

283 

525±1 

2.04±.04 

1.06±.04 

7.9±0.4 

41.5±1.8 

-2.69 

89.7 

284 

525±1 

0.50±.01 

I.09±.04 

4.9±0.2 

34.2±2.2 

•2.46 

96.1 

285 

525±1 

0.49±.01 

1.10±.04 

5.9±0.3 

41.6±1.8 

-2.40 

98.4 

286 

525±1 

0.49  ±.01 

1.09±.04 

9.7  ±0.5 

63.5±1.5 

-2.26 

99J 

287 

525±1 

2.01  ±.05 

3.92±.12 

4.9±0.2 

45.5±2.5 

-2.08 

99.0 
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Table  10.2  (Continued)  Experimental  Data  for  Acetic  Acid  Oxidation  at  246 

bar.  Intervals  ^own  are  to  95%  confidence. 


Carbon 


Kun 

No. 

Teoperature 

•c 

[CHjCOOHl 

XlO^mol/cia* 

10*1. 

X 10^  mci/cts? 

T 

Mconda 

Converaioa 

% 

In  k 
r' 

Balance 

Cloture 

» 

288 

525±1 

2.01  ±.05 

3.921.13 

5.910.3 

55.811.8 

-1.97 

95.7 

289 

525±1 

2.04±.05 

3.891.12 

9.710.5 

76.710.9 

-1.90 

97.5 

290 

525±1 

2.031.04 

3.911.10 

6.910.3 

61.812.4 

-1.97 

95.0 

291 

525±1 

2.021.04 

3.921.11 

7.810.4 

67J11.0 

-1.93 

96.4 

292 

525±1 

Z031.05 

3.851.11 

8.610.4 

71.910.9 

-1.92 

96.0 

293 

487±1 

1.011.02 

2.031.06 

7.810.4 

24.712.6 

-3.32 

76.7 

294 

462±I 

0.991.02 

2.061.06 . 

7.710  4 

14.612.7 

-3.89 

69.4 

295 

437±2 

0.981.03 

2.121.08 

7.810.4 

7.913.7 

-4.55 

58.0 

296 

513±1 

0.971.02 

2.081.07 

7.910.4 

42.611.7 

-2.65 

94.0 

297 

575±1 

0.981.03 

2.101.07 

7.810.4 

99.910.1 

•0.08 

94.7 

298 

550±1 

0.921.02 

2.111.06 

7.810.4 

96.110.7 

-0.88 

96.2 

299 

536±1 

0.941.02 

2.091.06 

7.910.4 

T7.6±2.t 

-1.66 

98.8 

300 

525±2 

1.431.04 

3.151.10 

5.010.2 

42.212.4 

-2.20 

94.3 

30] 

325±1 

1.441.04 

3.141.09 

7.810.4 

61.311.3 

-2.10 

95.3 

302 

525±1 

1.451.04 

3.131.09 

9.710.5 

69.611.1 

-2.10 

97.5 

303 

525±1 

1.431.05 

3.161.12 

5.810.3 

49.912.3 

-2.13 

99.4 

304 

525±1 

1.431.05 

3.151.12 

6.710.4 

55.712.2 

-2.11 

99.9 

305 

525±1 

1.431.05 

3.161.13 

8.810.5 

66.913.0 

-2.08 

103.0 

I 
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I 

Table  10.3  Experimental  Conditions  for  Ac^c  Add  Oxidation  Product  Species 

I  Profiles  at  525  ”C  and  246  bar  with  Specified  Residence  Times  and 

Feed  Concentrations.  Intervals  shown  are  to  95%  confidence. 


I 

I 

I 


®  Initial  Conditions:  525  ±  2  °C 

■  [023o  =  (1.09±.02)xl(r®  mol/cm’ 

■  [CHjCOOHlo  =  (0.50±0.01)xl(r®niol/cm3 

1  Run 

Residence 

[CHjCOOHlo 

lOJo 

Carbon  Balance 

# 

Time,  s 

X 10^  mol/cm^ 

X  1(7*  mol/cm^ 

Gosure,  % 

1  282 

7.9±0.4 

0,50±.0l 

1.06±.04 

93.6 

1  284 

4.9±0.2 

0.50±.01 

1.09±.04 

96.1 

1  285 

5.9±0.3 

0.49±.01 

1.10±.04 

98.4 

-  286 

1 

9.7±0.5 

0.49±.01 

1.09±.04 

99.3 

I 

I 

I 

I 

I 
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Table  10.3  (Continued)  Experimental  Conditions  for  Acetic  Acid  Oxidation 

Product  Species  Profiles  at  525  ®C  and  246  bar  with 
Specified  Residence  Times  and  Feed  Concentrations. 
Intervals  shown  are  to  95%  confidence. 


Initial  Conditions:  525  ±  2  “C 

tOJo  =  (2.08±.04)xl0^inol/cm3 
(CHaCOOHlo  =  (0.98±0.01)xl0r<mol/cm3 


Run 

» 

Residence 
Time,  s 

[CHaCOOHlo 

xlO^mol/cm^ 

[OJo 

xlO^  mol/cm’ 

(Carbon  Balance 
Closure,  % 

254A 

7.9±0.4 

0.99±.02 

2.07±.02 

99.8 

261 

5.1  ±0.3 

0.96±.03 

2.12±.09 

92.4 

262 

7.3±0.5 

0.97±.05 

2.10±.02 

86.4 

263A 

8.8±0.4 

0.99±.02 

2.06±.06 

98.9 

264 

4.6±0.3 

0.98±.04 

2.12±.12 

85.6 

265 

9.8±0.5 

0.98±.03 

2.12±.07 

97.6 

266 

5.9±0.3 

0.98±.03 

2.08±.07 

99.3 
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Table  10.3  (Continued)  Experimental  Conditions  for  Acetic  Acid  Oxidation 

Product  Species  Profiles  at  525  *C  and  246  bar  with 
Specified  Residence  Times  and  Feed  Concentrations. 
Intervals  shown  are  to  95%  confidence. 


Initial  Conditions:  525  ±  2  ®C 

(OJo  =  (3.15±.04)xl(r®mol/cm3 
[CHaCOOH]^  =  (1.44±0.02)Xl0'^moycm3 


Run 

# 

Residence 
Time,  s 

(CHaCOOHlo 

X 10^  mol/cm^ 

[OJo 

X 10^  mol/cm^ 

Carbon  Balance 
Closure,  % 

300 

5.0±0.2 

1.431.04 

3.151.10 

94.3 

301 

7.8±0.4 

1.441.04 

3.141.09 

95.3 

302 

9.710.5 

1.451.04 

3.131.09 

97.5 

303 

5.810.3 

1.431.05 

3.161.12 

99.4 

304 

6.710.4 

1.431.05 

3.151.12 

99.9 

305 

8.810.5 

1.431.05 

3.161.13 

103.0 
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Table  10.3  (Continued)  Expeiioiental  Conditions  for  Acetic  Acid  Oxidation 

Product  Species  Profiles  at  525  *C  and  246  bar  with 
Specified  Residence  Times  and  Feed  Concentrations. 
Intervals  shown  are  to  95%  confidence. 


IrJtial  Conditions:  525  ±  2  ®C 

lOJo  =  (3  90±.05)xl0^moiycm3 
[CHaCOOHlo  =  (2.02±0.02)xl0'^moycm^ 


Run 

# 

Residence 
Time,  s 

[CHaCOOHlo 

X 10*  mol/cm^ 

XlO*mol/cm^ 

C!arbon  Balance 
Closure,  % 

287 

4.9±0.2 

2.01  ±.05 

3.92±.12 

99.0 

288 

5.9±0.3 

2.01  ±.05 

3.92±.13 

95.7 

289 

9.7±0.5 

2.04  ±.05 

3.89±.12 

97.5 

290 

6.9±0.3 

2.03  ±.04 

3.91±.10 

95.0 

291 

7.8±0.4 

2.02±.04 

3.92±.ll 

96.4 

292 

8.6±0.4 

2.03±.05 

3.85±.ll 

96.0 
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Table  10.4  Experimental  Data  for  Acetic  Acid  Oxidation  at  550  *C  and  160  -  263 
bar  to  Examine  the  Effect  of  Pressure/Density  on  Reaction  Rates. 
Intervals  shown  are  to  95%  confidence. 


Carbon 


Run 

» 

Pre«fure 

bar 

[CHjCOOH], 

X 10^  niol/cm^ 

X 10^  mol/cm* 

T 

taconda 

Cottvertion 

% 

In  k 

I-' 

Balanca 

Cloaun 

X 

311 

242.3  ±2.8 

0.93±.02 

2.05±.05 

S.9±0.3 

89.9±0.6 

-0.94 

95.2 

312 

221.6±4.1 

0.93  ±.03 

2.06±.07 

5.8±0.3 

90.S±0.6 

-0.90 

95.8 

313A 

159.6±4.1 

0.93  ±.04 

2.11±.08 

5.4±0.3 

80.1  ±3.6 

-1.21 

111.2 

314A 

263.0±5.5 

0.98  ±.03 

2.10±.07 

5.9±0.3 

92.5±0.3 

-0.83 

96.5 

315 

200.9±3.4 

0.94±.02 

2.09  ±.06 

5.8±0.3 

90.5±0.6 

-0.91 

93.9 

316 

180.3±3.4 

0.96±.02 

2.10±.07 

5.8±0.3 

88.5  ±0.8 

-0.99 

99.2 

318 

263.0±6.2 

0.96  ±.03 

2.11  ±.08 

4.0±0.2 

8S.6±1J 

-0.72 

90.4 

319 

221.6±4.8 

0.96±.03 

2.11±.07 

3.9±0.2 

81.2±1.2 

-0.85 

94.6 

321A 

242.3  ±4.1 

0.98  ±.02 

2.09  ±.06 

3.9±0.2 

77.3  ±0.9 

-0.98 

97.8 

322 

200.9±6.9 

0.93  ±.04 

2.11±.10 

3.8±0.2 

74.9±1.5 

-1.02 

102.2 

323 

159.6±4.8 

0.93  ±.04 

2.09±.09 

3.7±0.2 

63.9±2.0 

-1.29 

116 
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Table  10^  Experimental  Data  for  Methylene  Chloride  Hydrolysis  at  245  bar.  All 
intervals  shown  are  to  95%  confidence.  Carbon  balances  based  only  on 
gaseous  products. 


Ran 

No. 

Temperature 

"C 

ICTiCljJ, 

XlO^mol/cm^ 

r 

•ecotkU 

Conversion 

% 

In  k 
s-‘ 

Carbon 

Balance 

Closure 

% 

Chlorine 

Balance 

Cloeure 

% 

324 

550±1 

1.01±.12 

5.8±0.3 

43.0±7.0 

-2.34 

29.7 

50.0 

325A 

S00±2 

1.15±.I2 

5.9±0.3 

42.4±7.0 

•2.37 

17.7 

45.4 

328 

450±5 

1.17±.12 

6.0±0.3 

47.1  ±6.0 

•2.24 

6.0 

55.0 

330 

57S±1 

1.05±.ll 

5.9±0.3 

76.114.5 

-1.42 

58.6 

72.8 

332 

475  ±3 

1.16±.12 

6.0+0.3 

49.615.8 

-2.16 

11.6 

47.1 

334 

525  ±2 

0.74±.08 

5.8±0.3 

42.216.3 

-2.36 

44.6 

74.9 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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Table  10.6  Experimental  Data  for  Methylene  Chloride  Oxidation  at  246  bar.  All 
intervals  shown  are  to  95  %  confidence.  Carbon  balances  based  only 
on  gaseous  products. 


Carbon 


Run 

No. 

Temporature 

«C 

[CHiajU 

X 10^  mol/cm^ 

X 10^  moVcur 

T 

Mcondt 

CoBVtnioQ 

% 

In  k 
•-« 

BalaD:^ 

Clocure 

% 

325 

550±2 

1.01  ±.12 

1.09±.04 

5.8±0.3 

53J±5.9 

-2.04 

Ai.l 

327 

500±2 

1.16±.12 

1.07±.04 

5.8±0.3 

45.S±5.S 

-2.26 

30.7 

329 

450±5 

1.18±.13 

1.09±.05 

S.9±0.4 

49.1±6.1 

-2.18 

7.6 

331 

574±2 

1.04±.ll 

1.12±.04 

5.9±0.3 

100.0 

•0.17 

73.7 

333 

475  ±3 

1.16±.12 

1.08±.05 

6.1  ±0.3 

51.6±5.7 

-2.12, 

20.9 

336 

524±2 

0.99  ±.10 

1.09±.04 

5.0±0.3 

55  J  ±5.0 

-1.82 

50.7 

337 

524  ±2 

0.98  ±.10 

1.09±.04 

6.8±0.4 

71.8±3.2 

-1.68 

56.7 

339 

525±1 

0.95  ±.10 

1.10±.04 

4.3  ±0.2 

51.0±5.3 

-1.80 

47.8 

340 

525±1 

0.94±.10 

1.09±.04 

7.8±0.4 

61.S±6.6 

-1.74 

61.8 

341 

525±3 

0.96±.10 

1.03±.04 

9.8  ±0.5 

83.8±6.6 

-1.69 

70.8 

342 

525  ±2 

0.96  ±.10 

2.04±.08 

5.0±0.3 

56.4±5.0 

-1.79 

53.0 

343 

325  ±3 

0.96  ±.10 

2.04±.07 

6.8±0.4 

69.4±3.4 

-1.75 

53.9 

344 

525  ±5 

0.94±.10 

2.08  ±.08 

8.9±0.5 

82.3  ±2.1 

-1.64 

62.4 

345 

525  ±3 

0.99  ±.10 

2.01  ±.07 

4.4±0.2 

51.5±5.3 

•1.81 

46.5 

346 

524±1 

0.99±.10 

2.05  ±.08 

5.9±0.3 

61.1  ±5.4 

-1.83 

SIJ 

347 

524±1 

0.98  ±.10 

2.06±.08 

7.9  ±0.4 

71.2±3.2 

-1.85 

57.2 

348 

524  ±1 

0.73  ±.08 

0.56  ±.03 

5.0±0.3 

54.4±5.7 

-1.85 

56.2 

349 

524±2 

0.73  ±.08 

0.56  ±.03 

6.9±0.4 

54.6±S.7 

-2.17 

71.1 
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Table  10.6  (Continued)  Experimental  Data  for  Methylene  Chloride  Oxidation  at 

246  bar.  All  intervals  shown  are  to  95% 
conHdence.  Carbon  balances  based  only  on  gaseous 
products. 


Cariran 


Run 

No. 

Teaperature 

"C 

X  l(r*  mol/cm^ 

Ifhio 

X 10^  mol/cm^ 

T 

•ecoodt 

Convernon 

% 

la  k 

Balance 

Ckxure 

% 

350 

525±1 

0.721.08 

0.571.03 

9.110.5 

69.714.1 

-2.03 

73.5 

348A 

S2S±1 

1.051.11 

O.S7±.(a 

5.010.3 

54.815.2 

-1.84 

45.0 

349A 

S25±l 

1.051.11 

0.571.03 

6.910.4 

64.314.2 

-1.90 

50.0 

350A 

525±1 

1.051.11 

0.571.03 

9.210.5 

78.412.9 

-1.79 

53.5 

351 

524 ±1 

1.021.11 

0.581.03 

4.410.3 

49.215.8 

-1.88 

45.8 

352 

524±1 

1.011.11 

0.581.03 

5.910.3 

58.314.8 

-1.91 

48.0 

353 

524±2 

1.011.11 

0.581.03 

9.910.6 

80.512.3 

-1.80 

54.2 

354 

50011 

1.001.11 

1.081.05 

5.010.3 

44.016.5 

-2.15 

47.9 

355 

50012 

1.011.11 

1.081.05 

7.810.5 

44.216.5 

-2.60 

63.2 

356 

50012 

1.011.11 

1.071.05 

10.81.6 

62.314.3 

-2.40 

55.6 

357 

50012 

0.861.10 

1.061.06 

4.410.3 

38.318.8 

-2.22 

54.3 

358 

50111 

0.851.10 

1.071.06 

6.910.5 

49.6110.1 

-2.31 

54.9 

359 

50211 

0.871.10 

1.041.06 

9.810./ 

61.315.4 

-2.33 

58.2 

361 

52512 

2.011.21 

2.041.06 

7.910.4 

69.813.2 

-1.88 

54,3 

362 

52512 

1.981.20 

2.071.07 

8.910.5 

‘>3.212.9 

-1.91 

58.4 

363 

52512 

1.991.20 

2.061.07 

9.910.5 

77.013.0 

-1.19 

59.9 
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Table  10.7  Experimental  Conditions  for  Methylene  Chloride  (h^bdion  Product 
Species  Profiles  at  525  **C  and  24d  bar  with  Specified  Residence  Times 
and  Feed  Concentrations.  All  intervals  shown  are  to  95%  confidence. 
Chlorine  balances  based  only  on  liquid-phase  effluent  chic-  '.  t  ion 
concentrations. 


Initial  Conditions:  524  ±  2  “C 

[OJo  =  (0.58±.01)xia^moycm3 
[CHjCy,  =  (1.03±0.01)xl0^mol/cin’ 


Run 

Residence 

Time,  s 

[CHjClJo 

X 10^  mol/cm^ 

[OJo 

X 10^  mol/cm^ 

Chlorine 

Balance 

Gosuie,  % 

348A 

5.0±0.3 

1.05±.ll 

0.57±.03 

50.3 

349A 

6.9±0.4 

1.05±.ll 

0.57±.03 

56.5 

350A 

9,2±0.5 

1.05±.ll 

0.57±.03 

59.2 

351 

4.4±0.3 

1.02±.il 

0.58±.03 

56.2 

352 

5.9±0.3 

1.01±.ll 

0.58±.03 

56.5 

353 


9.9±0.6 


1.01±.ll 


0.58  ±.03 


59.2 
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Table  10.7  (Continued)  Experimental  Conditions  for  Methylene 

Chloride  Oxidation  Product  Species  Profiles  at  525  *’C 
and  246  bar  with  Specified  Residence  Times  and  Feed 
Concentrations.  All  intervals  shown  are  to  9S  % 
confidence.  Chlorine  balances  based  only  on  liquid-phase 
effluent  chloride  ion  concentrations. 


Initial  Conditions: 


Run 

# 

Residence 

Time,  s 

[CHjClJo 

X 10^  mol/cm^ 

[OJo 

X 10^  mol/cm^ 

Chlorine 

Balance 

Closure,  % 

336 

5.0±0.3 

0.99±.10 

1.09±.04 

57.2 

337 

6.8±0.4 

0.98±.10 

1.09±.04 

61.4 

339 

4.3±0.2 

0.95±.10 

1.10±.04 

56.6 

340 

7.8±0.4 

0.94±.10 

1.09±.04 

67.5 

341 

9.8±0.5 

0.96±.10 

1.08±.04 

71.8 

525  ±  3  “C 

[OJo  «  (1.09±.01)xl0^moycm3 
[CHjajo  =  (0.96±0.04)xl0^moycm3 
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Table  10.7  (Continued)  Experimental  Conditions  for  Methylene 

Chloride  Oxidation  Product  Species  Profites  at  ^5  ”C 
and  246  bar  with  Specified  Residence  Tiiaes  and  Feed 
Concentrations.  All  intervals  shown  are  to  95  % 
confidence.  Chlorine  balances  based  only  on  liquid-phase 
effluent  chloride  ion  concentrations. 


Initial  Conditions:  525  ±  5  °C 

[OJo  *  (2.05±.05)x  10*  mol/cm’ 
(CHjCIJo  =  (0.97±0.04)xl0^mol/cin’ 


Run 

It 

Residence 

Time,  s 

[CHaClJ^ 

X 10^  mol/cm^ 

lOJo 

X 10^  mol/cm’ 

Chlorine 

Balance 

Qosuie,  % 

342 

5.0±0.3 

0.96±.10 

2.04±.08 

54.0 

343 

6.8±0.4 

0.96±.10 

2.04±.07 

59.0 

344 

8.9±0.5 

0.94±.10 

2.08±.08 

70.4 

345 

4.4±0.2 

0.99±.10 

2.01  ±.07 

51.3 

346 

5.9±0.3 

0.99±.10 

2.05  ±.08 

53.8 

347 

7.9±0.4 

0.98±.10 

2.06±.08 

63.6 
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Table  10.7  (Continued)  Experimental  Conditions  for  Methylene 

Chloride  Oxidation  Product  Species  Profiles  at  525  **C 
and  246  bar  with  Specified  Residence  Times  and  Feed 
Concentrations.  Ali  intervals  shown  are  to  95% 
confidence.  Chlorine  balances  based  only  on  liquid-phase 
effluent  chloride  ion  concentrations. 


Initial  Conditions:  500  ±  3  °C 

[OJo  “  (1.07±.02)xl0^mol/cm3 
[CHjaj^  =  (0.96±0.22)xl(r«mol/cm3 


Run 

0 

Residence 

Time,  s 

[CHjClJo 

X 10^  mol/cm^ 

[OJo 

xlOr*mol/cm^ 

Chlorine 

Balance 

Gosure,  % 

354 

5.0±0.3 

1.00±.ll 

1.08±.05 

61.8 

355 

7.8±0.5 

1.01±.U 

1.08±.05 

81.4 

356 

10.8±0.6 

l.Olf.ll 

1.07±.05 

72.9 

357 

4.4±0.3 

0.86±.10 

1.06±.06 

70.8 

358 

6.9±0.5 

0.85±.10 

1.07±.06 

74.7 

359 

9.8±0.7 

0.87±.10 

1.04±.06 

75.6 
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Table  10.7  (Continued)  Experimental  Conditions  for  Methylene 

Chloride  Oxidation  Product  Species  Profiles  at  525  **C 
and  246  bar  with  Specified  Residence  Times  and  Feed 
Concentrations.  All  intervals  shown  are  to  9S  % 
confidence.  Chlorine  balances  based  only  on  liquid-phase 
effluent  chloride  ion  concentrations. 


Initial  Conditions:  525  ±  2  ®C 

lOJo  =  (1.99±.03)xl(r*mol/cm^ 
[CHjClJo  =  (2.06±0.03)xl(r®mol/cm3 


Run 

# 

Residence 

Time,  s 

[CHjCy, 

X 10^  mol/cm^ 

[OJo 

xlO^  mol/cm^ 

Chlorine 

Balance 

Gosure,  % 

361 

7.9±0.4 

2.01±.2l 

2.04±.06 

63.8 

362 

8.9±0.5 

1.98±.20 

2.07±.07 

68.5 

363 

9.9±0.5 

1.99±.20 

2.06±.07 

69.6 
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103  Nomeoclature 
A  Arrhenius  pTcexponential  factor 

C|  concentration  of  species  i 

Arrhenius  activation  energy 

F  oxygen/organic  feed  ratio 

k  teactitm  rate  constant 

k"  kinetic  decay  constant 

k*  apparent  first-order  rate  constant 

R  universal  gas  constant 

Rf  reaction  rate  for  species  i 

5  oxygen/organic  stoichiometric  ratio 

X  conversion 

Greek  Utters 

e  dielectric  constant 

^  fugacity  coefficient 

p  density 

r  reactor  residence  time 

induction  time;  ignition  time 

Other 

[A],,  initial  concentration  of  A 
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